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A series of push-pull 5,15-diphenylporphyrinatonickel(n) complexes 
containing both electron donor and acceptor substituents at the opposite meso-
positions have been synthesized through the classical formylation, bromination, 
Knoevenagel condensation and palladium-mediated cross-coupling reaction of 
porphyrins. The molecular structures of 5-formyl-15-{ [4'-(A ,^A -^
dimethylamino)phenyl]ethynyl}-10,20-diphenylporphyrinatonickel(n) (65) and 5-
(2'-formylethenyl)-15-{[4"-(A^,A^-dimethylamino)phenyl]ethynyl} -10,20-
diphenylporphyrinatonickel(n) (76) have been determined by X-ray diffraction 
analyses, which show that the arylethynyl group is essentially coplanar with the 
porphyrin macrocycle while the acceptor group is significantly tilted with respect to 
the porphyrin ring. The observed bond length alternation of 65 and 76 suggests a 
substantial cumulenic character of the molecules. The visible absorption bands of all 
these push-pull porphyrins are significantly red-shifted with respect to those of the 
parent 5,15-diphenylporphyrinatonickel(II). AU of these observations indicate that 
there is an extensive electronic delocalization in the porphyrin systems which renders 
them potential candidates as nonlinear optical materials. The first molecular 
hyperpolarizabilities (|3) of 65 and its dicyanoethenyl analog 66 have been measured 
by electric-field-induced second-harmonic generation at wavelength of 1,907 nm, in 
conjunction with semiempirical calculations. The values [126 x 10_30 (for 65) and 
215 X 10-30 (for 66) cm^esu-l] are much greater than those of push-pull 
tetraarylporphyrins and p-acceptor porphyrins, but significantly smaller than those of 
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1. INTRODUCTION 
i J . Theoretical Background of Nonlinear Optics 
Due to their potential applications in optical communications, information 
storage, optical switching and electrooptical signal processing, molecular materials 
exhibiting large and fast nonHnear optical (NLO) responses have received much 
current attention.l Both experimental and theoretical aspects of this important field of 
research have been extensively investigated over the past few decades and a 
substantial progress has been made.^ 
The theoretical background of nonHnear optics has been weU developed.3 
When Hght passes through a material, the electromagnetic field of the Ught (E) 
interacts with the inherent charges in the material. The electron density of the material � 
is polarized by the perturbation of the light leading to an induced dipole moment in the 
material. The induced polarization {[i) is a function of appUed field and is given by 
eq. 1: 
Polarization = [i = [io + aE + PE^ + yE^ + ... (1) 
where p^ is the intrinsic dipole moment of the molecule, a is the Hnear polarizability, 
and the higher order terms P and y are caUed the first and second molecular 
hyperpolarizabiHties, respectively, and are responsible for the second or third-order 
NLO effects. The terms beyond aE are not linear with respect to E and are therefore 
referred to as nonHnear polarization and give rise to NLO effects (Fig. 1). These 
nonHnear parts ofthe polarization having higher power of E become more significant 
as the field strength increases. So NLO effects are usually observable by using laser 
which is associated with electric field of very high intensity. Similarly, the 
polarization of a buUc material is given by an analogous equation (eq. 2). 
Polarization = P = P �+ X(l)E + %(2)E2 + 义(卿 + ... (2) 
where (^n) is the nth order susceptibiHty of an ensemble of molecules and represents 
the NLO effect in buUc materials. 
1 




— — p> 
Applied Field 
Fig. 1. Relationship between induced polarization and applied field for both linear 
and nonlinear optical materials. 
I 
One of the classical properties of second order NLO materials is their 
frequency doubling ability. For example, when an invisible light from a commercial 
infrared laser (1,064 nm) passes through a second order NLO material, a green light 
(532 nm) is generated. This transformation allows an extension of useful frequency 
range of lasers and enhances by four fold the amount of information that laser can 
write on an optical disk.2c This property is also important for laser-based remote 
sensing and optical communication.^^ 
The investigation of NLO materials was firstly focused on inorganic crystals 
(e.g. quartz, LiNbO3) and inorganic semiconductors (e.g. GaAs, InSb). In the past 
few decades, organic systems were investigated as alternatives because of a variety of 
advantages associated with organic molecules such as low cost, large and fast NLO 
response, synthetic flexibility and convenient modification. Two prototypical 
examples of 7C-electron conjugated organic donor-acceptor chromophores are 4-
nitroaniline 0^-NA) and 4-(iV,iV-dimethylamino)-4'-nitrostilbene (DANS). As shown 
in Fig. 2，these two compounds are directional asymmetric in the polarizability and 
easier to be polarized in one direction than in the opposite one; the amino group acts 
2 
as a donor and the nitro group act as an acceptor in both molecules. DANS possesses 
a longer polarizable conjugated 冗-system thanp-NA. 
H,C^ ^ClI, 
^^^^ N 
Electron donating; group 广 I / f^^ 
5* N H , 
Molecular I ^ i ^ 
Dipolc ( ^ ^ ^ 
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^ ^ Ao, 
Fig. 2. Typical organic donor-j:-acceptor chromophores: (left) /7-nitroaniHne {p-
I 
NA); (right) 4-(N,N-dimethylamino)-4-nitrostilbene (DANS). 
Through the tremendous effort devoted by experimentaHsts and theorists, the 
structural control of P，the molecular first hyperpolarizability, has been elucidated.^ 
Generally, molecules with strong electron donor and acceptor groups that are 
connected by a large conjugated 7C-system usuaUy exhibit high P values, although a 
balance among these three components is stiU important,4&5 and exceptions Hke 
octupolar molecules are weU-known which can exhibit non-zero p, despite being 
nonpolar.6 
A two-state model derived from perturbation theory has been employed to 
iUustrate the relationship among the donor, acceptor and the length of bridge that 
connect them7 In eq. 3，the subscripts g and e denote the ground state and the 
charge-transfer excited state, respectively, and [i is the dipole matrix element between 
the two subscripted states. There is an optimal combination of donor and acceptor 
strengths for a given bridge that wiU maximize P.8 p is thus proportional to the 
change in dipole moment between the ground and exited states, and the square of the 
3 
transition oscillator strength, but inversely proportional to the square of the energy 
gap between the ground and excited states. 
P - 0leefgg).(^^e)2/(Ege)2 � 
It is noteworthy that these three parameters, (p,ee-M-gg). (M-ge)^ ^ l/(Ege)^, are 
intimately related as shown in Fig. 3. The dependence of ( i^^ efgg)，（^^e)2, l/^ge)2 
and p on (ocA - ao)ltl (a denotes the Coulomb energies; ltl is the coupHng matrix 
element between bridge orbitals and E is the transition energy) derived from molecular 
orbital calculations on a four-orbital 7:-system is system dependent. SraaU (ocA -
ao)ltl represents strong coupling of donor and acceptor orbitals. So optimization of p 
involves subtle compromise of these parameters and does not necessarily reach their 
optimal value for a specific molecule. 
l • • • - - - • 
^ •‘ R .� 
^ ^ X Z V \ � - -%g -
5 / A ^ 2 \ ' \ 
^ - / / • \ \ • 
2? •: / \ �,• \ 
OS : \ '. \ 
二 ";/ \ .,. \ 
1 ::/ ^ ^ > C \ ： ^ 
C r-' ‘ 2 \ ^ ^ 
^ \i； i / £ \ \ � •4 5® \ � -
» t • * 
( a - c ) / l t | 
�A • 
Fig. 3. The dependence of (liee_ i^gg), (he)2, (l^ge)2 and p on (ocA - ccD)ltl derived 
from molecular orbital calculations on a four-orbital 7C-system. 
4 
1,2, Organic Nonlinear Optical Chromophores 
In recent years, a variety of organic systems such as polyenes，thiophenes and 
stilbenes containing terminal donor and acceptor groups have been synthesized and 
their NLO properties have been examined.^ Table 1 shows selected linear and 
nonlinear optical data for some of these NLO chromophores (Fig. 4).北，10，11 
One notable thing is that the reported NLO data were usually measured with a 
variety of techniques which involve different conditions and mechanisms. A direct 
comparison of these NLO properties is thus very difficult. In addition, NLO signals 
are usually coUected at different wavelength and in some cases when the excitation 
wavelength nears the absorption band, significant resonant enhancement occurs and 
the observed nonlinearity can be dramatically e n h a n c e d . l 2 For a given material, 
three-photon resonant x(^)(-co;co,co,-co) values are expected to be much larger than 
I 
one-photon resonant %(3)(-co;0,0,co) values.i^c 
The third-order NLO effects are usually studied by the techniques such as 
third harmonic generation ( S H G ) " and degenerate four-wave mixing (DFWM),14 
while the second-order nonlinearities are measured by Hyper-Rayleigh scattering 
(HRS),l5 electric-field-induced second-harmonic generation (EFISH)l6 and Kurtz 
• powder t e c h n i q u e . l 7 Measurements can be performed in powder, crystals, solutions 
or thin films, thus making the comparison of data even more difficult. Ideally, a 
combination of techniques is necessary for thorough investigation of a material's 
NLO behavior. 
5 
Fig. 4. Structure and labeling scheme for selected organic NLO chromophores. 
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1,3, Porphyrins as Nonlinear Optical Chromophores 
Among the various classes of NLO chromophores, porphyrins appear to have 
unique characteristics which render them superior as NLO m a t e r i a l s . l 8 These 
macrocycles with their large polarizable 7i-conjugated system constitute a two-
dimensional framework for electronic communication. Their optical properties can be 
tailored by changing the metal center, its oxidation state, the axial ligands, or the 
nature of the substituents at the peripheral sites of the macrocycle. Apart from the 
architectural flexibility, porphyrins also offer advantages in ease of fabrication and 
high thermal stability. 
To date, a substantial number of porphyrin-based NLO chromophores have 
been reported with particular emphasis on their third-order NLO properties.l8,l9,20 
Most of them are symmetrical molecules, probably due to the ease of synthesis. In a 
I 
recent review of NLO properties of porphyrins, Ravikanth and Kumarl8 summarized 
the third-order NLO properties of some symmetrically substituted tetraarylporphyrins 
and octaethylporphyrins along with their metal complexes (Table 2). The %(3) values 
of tetrakis[4-(n-pentadecyl)phenyl]porphyrin derivatives were measured in benzene 
solutions at 532 nm using DFWM technique. The octaethylporphyrin and its 
manganese complex were measured as thin film on fused silica substrate at 1,907 nm 
using third harmonic generation (THG) technique. The %。）values for these 
compounds are moderate, just in the range of 10_U_10_l2 esu. Rao et aO^^ have 
reported the y and %(3) values of some benzporphyrins in THF solutions at 532 nm 
using DFWM technique. The y values are in the range of (0.5-10) x 10_30 esu, while 
the %(3) values are within (0.2-2.8) x 10_8 esu. The results are not so reliable, 
however, since the two-photon, three-photon resonant effects, or other nonlinear 
processes contribute significantly to x(3) by resonant enhancement, as was observed 




































































































































































































































































































































































































































































































































































































































































































































































Anderson et a/.19b have synthesized a soluble conjugated porphyrin polymer 
9’ in which porphyrin macrocycles are linked through acetylenic bridges (Scheme 1). 
The electroabsorption spectra of its thin film have been recorded and transformed into 
• I . 
yO) spectra which show a very large one-photon resonant x(3) value of 7.3 x 10_8 
esu. It is clear that there is an extensive electron delocaHzation in the polymer 
network. 
Scheme 1 
R R 厂 R R _ 
- ^ A ^ V v c u c i - - h ^ ^ < ^ 
VN , 1 — TMEDA > _ V \ ^ ^ N - V 一 
^ ¾ ¾ ^ T ， ~ ^ ^ ^ f i q ^ ~ 
I R R L R R � " 
R = � � ^ y y v y ‘ 
The effects of polymer length (i.e. the number of monomer units) on %(3) for 
several polymers have been i n v e s t i g a t e d . 2 g，2 i ’ 2 2 Por the oligothiophenes 10’ the %(3) 
value increases with the number of thiophene unit, while the y value per unit 
monomer saturates at 7-8 un i t s .22a in order to investigate the similar effects for 
porphyrin systems, two series of zinc diarylporphyrinic oligomers l l a - c (with 1,4-
phenylene spacer) and 12a-c (direct attachment at the m^^o-positions) have been 
prepared and their third-order nonlinearities have been studied using the single beam 
z-scan method at 640 and 1,064 nm.l9f It is interesting to note that for both series of 
oligoporphyrins, the nonlinearities are more dramatically enhanced with the number 
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Ar = 3,5-di-(^^rf-butyl)phenyl 
• 
11 
Compound 13, a highly soluble zinc TPP derivative containing four reactive 
triethoxysilane groups at the para-phenyl positions, has been prepared by Mandal et 
a/.12a DFWM studies of the thin film and dioxane solution of 13 have also been 
carried out. Since 13 absorbs weakly at 532 nm, the observed %(3) value is believed 
to be resonance-enhanced. So similar experiments have been performed in dioxane 
solution at 1,064 nm where 13 is completely optical transparency. As shown in table 
3，the results indicate that the resonance-enhanced 义(3) value is about 8 times higher 
than that of the non-resonance one. 
• 
R 
1 3 R = OCH2CH2CH2Si(OEt)3 
Table 3. Third-order NLO data for 13. 
Wavelength (nm) <7> (x 10_32 esu) %(3) (x ICH�esu) 
Solution 532 24.49 3.06 
1,064 2.81 0.36 
Thin film 532 60.10 3.25 
Known unsymmetrical porphyrins showing second-order NLO effects usually 
consist of donor ancVor acceptor groups attached to the aryl groups of meso-
tetraarylporphyrinsp> or an acceptor group attached to one of the P _ p o s i t i o n s . 2 4 , 2 5 
The p values for these porphyrins are not exceptionally high because electronic 
12 
coupling between the donor and acceptor in the former system is hindered by the 
torsional barrier to rotation about the C(m^^o)-C(aryl) bond，23a and electronic 
asymmetry in the latter system is low due to the absence of donor group. 
For example compound 14，which has been prepared by partial reduction of 
the tetranitro analog, shows moderate P value (ca. 30 x 10_30 esu) which is 
comparable to that of 4-amino-4'-nitrostilbene (P = 40 x 10 -30 esu). This is probably 
due to the substantial competition of charge transfer in perpendicular directions of the 
porphyrinic ring, and the reduced electronic communication as a result of the inherent 
dihedral angle between the phenyl groups and the porphyrin m a c r o c y c l e . 2 3 a 
NH2 
H 2 N ^ ^ ^ | ^ & N O ^ ^ " ^ ^ ^ r - ^ ^ 
NO2 1 5 M = 2H 
16 M = Cu 
1 7 M = Zn 
1 4 18 M = Mg 
Second harmonic generation (SHG) of the Langmuir-Blodgett (LB) 
monolayers of the amphiphilic porphyrin, 5-(4'-n-hexadecylpyridinium)-10,15,20-
triphenylporphyrin bromide, and its copper, zinc and magnesium complexes (15-18) 
have been invest igated .23c The efficiency of SHG follows the order Mg > Zn > Cu > 
2H porphyrins (18 > 17 > 16 > 15)，which can be well correlated with the order of 
the first reduction potential of the porphyrins. The results indicate that SHG is mainly 
attributed to charge transfer from the porphyrin ring to the pyridinium group. 
A series of octaethylporphyrinatozinc(II) derivatives (19-21) with an electron 
acceptor at one of the m^50-p0siti0ns have also been syn thes i zed . ^ 4 The N L O 
responses are not unusually large for these compounds because there is no electron-
13 
donating substituent at the porphyrin periphery and the electronic asymmetry of the 
molecules is lower compared with push-pull porphyrins. 
^ i r k ^ 
i _ / \ y ^ 
�7 ^ N N " \ 
^ ^ ^ ^ ^ ^ X i ^ 
1 9 R = N O 2 
2 0 R = C N 
2 1 R = CHO 
The presence of electron-donating substituents will significantly affect the 
NLO response of p o r p h y r i n s . 2 5 Compound 2 2 is an electron deficient porphyrin 
containing electron-withdrawing pentafIuorophenyl groups at four m^50-p0siti0ns 
and a nitro substituent at one of the p-positions. The p value (11.8 x 10_30 esu) 
determined by HRS technique in dichloroethane at 1,064 nm is 8-fold smaller than 
that of 23 (92.0 x 10_30 esu), which contains four electron-releasing dimethylamino 
groups at the para-phenyl positions, resulting in a larger dipole moment. 
F NMe2 ± ^ 
^ i x w M � | ; > ^ ^ 4 ， 
警 ^ ^ ” 
F NMe2 
2 2 2 3 
Recently, Therien et al. have reported two push-pull arylethynyl porphyrins 
24 and 25,26 in which the electron donor, acceptor, and the linker are essentially 
14 
coplanar that enables effective electronic interactions within the molecule. The first 
hyperpolarizabilities of these compounds as determined by hyper-Rayleigh scattering 
(HRS) technique are extremely high which are probably due to resonance 
enhancement. The value for the zinc complex (P = 4933 x 10_30 cm^ esu] at 1,064 
nm), which is by far the largest p value yet measured for an organic-based 
chromophore, is ten-fold larger than the theoretical value based on E^DO/SCI 
calculations (472 x 10_30 cm^ esu_l).27 lt is clear that much work remains to be done 
on this system in order to gain a better understanding of the structure-properties 




M . H ^ > ^ K ^ - ^ N O . 
1 � ^ 
24 M = Cu 
25 M = Zn 
In this thesis, the synthesis of a series of closely related push-pull porphyrins 
in which the acceptor is linked to the porphyrin core by an ethenyl moiety will be 
described. The NLO properties of two of these compounds as investigated by EFISH 
measurements and theoretical calculations will also be discussed. Before presenting 
the results, a brief review of the synthetic aspects of porphyrins that are relevant to 
this work is given. 
15 
1,4, Synthetic Aspects of Porphyrins 
It is well-documented that porphyrins and their metal complexes undergo 
electrophilic and nucleophilic substitution reactions (e.g. formylation and nitration) as 
well as radical reactions (e.g. halogenation) in a similar manner as simple aromatic 
systems. Reactions that occur on aromatic systems can thus be performed on 
porphyrins. 
1.4.1. Porphyrin Substrates 
The me^o-positions of porphyrins are known to be the most reactive site with 
respect to both electrophilic and nucleophilic substitution r e a c t i o n s . 2 8 Previous work 
on porphyrin systems usually involves substrates like 5,10,15,20-
tetraphenylporphyrin (H2TPP) and 2,3,7,8,12,13,17,18-octaethylporphyrin 
(H2OEP) derivatives because they are readily available in large scales. The H2TPP 
derivatives can be obtained readily in one step by condensation of pyrrole and 
substituted benzaldehydes in propionic acid. As shown in Fig. 5, aU of the four 
m^50-positions are occupied by aryl substituents while aU the eight P-positions 
remain unsubstituted. In contrast, the H2OEP derivatives have their p-positions 
engaged and all the four meso-protons unsubstituted, even though they are severely 
covered by the neighboring ethyl groups. 5,15-Diphenylporphyrin (H2DPP) 
derivatives have become the new favorite of chemists because they can be 
synthesized easily and have eight p-positions and two opposite m^5o-positions that 
can be substituted. In our work, we employed the DPP system because it allows an 
investigation of the relative reactivities of the meso- and p-positions of porphyrins. 
More importantly, electron-releasing and -withdrawing functional groups can be 
incorporated readily at the opposite m^50-p0siti0ns resulting in enhanced electronic 
coupling between the donor and acceptor groups. Fig. 5 shows the structures of 
these parent porphyrin substrates. 
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Fig. 5. The structure of free-base H2TPP, H2OEP and H2DPP. 
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In this work, a series of functional groups with electron-donating and 
-withdrawing nature were introduced to the opposite m^50-p0siti0ns of NiDPP core 
in a stepwise manner. Firstly the m^5-c>-positions were activated by foraiylation and 
halogenation. Further coupling reactions at the bromo (or iodo) functionality through 
the palladium-mediated coupUng reactions introduced a A-�N，N-
dimethylamino)phenylethynyl group in which the dimethylamino moity is strongly 
electron-releasing. A variety of acceptor groups with different electron-withdrawing 
abiHtity including dicyanoethenyl, bis(ethoxycarbonyl)ethenyl and 
diethylthiobarbituric acid can then be coupled through the opposite meso formyl 
group by typical Knoevenagel condensations. The following summarizes briefly 
these classical methodologies applied on porphyrins. 
1.4,2. Vilsmeier Formylation 
Vilsmeier reagent is a versatile reagent for performing formylation and the 
mechanism of this reaction is well established.^^ A typical Vilsmeier transformation 
involves reaction of phosphorus oxychloride (POCl3) and dimethyl formamide 
(DMF) to form [Me2N=CHCl]+, which reacts with an aromatic compound to form 
an aldehyde. 
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Formylation of metalloporphyrins under Vilsmeier conditions has been 
employed to introduce one or more formyl groups onto the porphyrin periphery for a 
long time.30 Most of the work has been done on the P-octaalkylated or meso-
tetraarylated substrates (i.e. OEP or TPP derivatives) in which the P_alkyl or meso-
‘aryl groups hinder the approach of electrophile toward the porphyrin periphery. 
Meso-mono-fovmyMion of m^5o-unsubstituted etioporphyrinatonickel(n) (26) was 
reported by Johnson and Oldfield in 1966 (Scheme 2).^a 八 similar reaction on 
Ni(II)TPP proceeds smoothly to introduce a formyl group to one of the p-positions 
of the m a c r o c y d e . 3 0 c since then, this method has been routinely used to introduce a 
formyl group onto the periphery of numerous metallated porphyrins and chlorins. 
Scheme 2 
r ^ " / ^ " A (1)poci3/DMF y N , " N - ^ 
�N i /) • N , , ) - C H O 
J ^ C ^ ⑵ 一 。 u ^ ; Q ^ 
26 27 
Multiformylation usually occurs along with the monoformylation. As 
reported by Watanabe et al., formylation of Cu(II)OEP gave 5,15-diformyl derivative 
as the only diformylated product.3l However, 5,10-diformyl derivatives, as well as 
trace amount of tri- and tetra-formylated products, were also obtained by Smith et al. 
during the formylation of Cu(II)OEP and etioporphyrinatocopper(II) c o m p l e x e s . 3 2 
As reported by Buchler et al., Vilsmeier formylation of tetrakis-0^-
tolyl)porphyrinato complexes of a variety of metals 28 [metal centre = Co(II), Ni(II), 
Pd(II), Pt(II), Cu(E), Co(III)Cl, Cr(III)Cl, Al(III)OH, Fe(III)Cl and Co(IV)Cl(Py)] 
yields the corresponding 2-formylated products 29 (Scheme 3).^ 3b The relative 
reactivity of these metal complexes has also been reported. The rate of formylation 
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normally decreases with increasing the oxidation number of the central metal and 
follows the order M^ > M ^ > M^ .^ The insertion of low valent metals enhances the 
reactivity of porphyrin by increasing the electron density, especially on the pyrrolic 
carbons. 
Scheme 3 
^ 4 ¾ ¾ . , w p o g v D w , ^ 4 ^ r � 
0 | i i ( 2 輝 械 2 0 ^ ^ 
Ar Ar 
28 29 
Ar 二 4-tolyl 
MLL' = Co(II), Ni(II), Pd(II), Pt(II), Cu(II), Co(III)Cl, 
Cr(III)Cl, Al(III)OH, Fe(m)Cl, Co(IV)Cl(Py) 
The mechanism of the Vilsmeier formylation has also been elucidated (Fig. 
5) 3 3 b , 3 4 Reaction of DMF and POCl3 gives the salts 30a a n d 30b which are in 
rapid equilibrium. Electrophilic attack of 30a on the electron-rich site of the 
porphyrin (in this case, the P-pyrrolic carbon) forms an iminium salt 31’ which upon 
hydrolysis yields an aldehyde 32. 
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Fig. 6. Mechanism of Vilsmeier formylation at the porphyrin periphery. 
Me2N-CHO + POCl3 ^ _ 2 N + = C H C l ] P O 2 C l 2 - < _ = ^ [Me2N+=CHOP(O)Cl2]Cl-
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By using a mixture of 3-(A^,iV-dimethylamino)acrolein and POCl3 as the 
Vilsmeier reagent, a formylethenyl group can be introduced directly onto the 
porphyrin periphery. In a more recent study, Vicente and Smith have reported the 
vinylogous formylation of Ni(n)OEP and Cu(n)OEP (33).35 Treatment of the 
metalloporphyrins with 30 equiv. of the Vilsmeier reagent at rt for 8h gives mono 
me56>-formylethenyl derivatives 34a in good yield. By using a larger excess of 
Vilsmeier reagent (83 equiv.), higher temperature (40�C) and prolonged reaction 
time, the diformylethenyl derivatives 34b are produced as the major product instead. 
It is noteworthy that the diformylation occurs at the adjacent m^50-p0siti0ns rather 
than at the opposite sites. They have also pointed out that the presence of one or 




A^<PJJ""""JJ^^ (l)Me2NCH:CHCHO/POCl3 >^*"-^p[^nf^^ 
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33 34 
M = Ni(II) or Cu(II) 
34a R = H 
34b CH=CH-CHO 
To the best of our knowledge, little work has been done on the formylation of 
porphyrin substrates in which competition for P_ and m^^o-substitution exists. The 
relative reactivity of the meso and p-positions toward formylation still remains to be 
explored. DPP system seems to be an excellent substrate to resolve this problem. 
1.4.3, Bromination 
The halogenation of porphyrins has been the subject of intense research. 
While b r o m i n a t i o n 3 6 and chIorination^^ can be carried out successfully for many 
differently substituted porphyrins under a variety of experimental conditions, 
iodination seems to be problematic and relatively less work was successful.38 
Bromination of octaethylchlorin (35)，in which aU of the p-positions are 
occupied, gives 15-bromooctaethylchlorin (36). Upon dehydrogenation, it converts 
to 5-bromooctaethylporphyrin (37) (Scheme 5).39 
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Scheme 10 
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Bromination of cytodeuteroporphyrin (38) with bromine occurs at the 
remaining free P-positions while the four m^-protons remain intact to give the p-
tribrominated product 39 (Scheme 6).40 
Scheme 6 
^^fy^^^ ^ ( ^ > ^ " ^ B r 
i x i � l x i 
^!^^!i^ ^^"-^:^ Br-yM^X^ 
p P P P 
38 39 
P = CH2CH2COOH 
Treatment of H2OEP with bromine gives a mixture of P-bromodeethylation 
and p-ethoxyethylation products while only a trace amount of mejo-brominated 
product is produced.^l The auther suggested that it was due to the steric crowding at 
the m^56>-positions. 
Bromination of unsubstituted porphin (40) with bromine yields p-
bromoporphin (41).42 Interestingly, when magnesium porphin 42 is treated with 
NBS, bromination occurs at all the m^50-p0siti0ns to give 43 (Scheme 7).43 These 
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observations may suggest that the presence of a metal centre promotes the 
electxophilic substitution at the m^56>-positions rather than at the p-positions. 
Scheme 7 
f % ^ Br2 ^ P T ^ B r 
b o i ^ " ^ & i 
40 41 
Br 
V \ / ^ NBS ^ p m 
8 S — i S ^ 
Br 
42 43 
Recently, Therien et aL^ have introduced two bromo substituents to the 
me^o-positions of H2DPP using 2.2 equiv. of NBS with the aid of pyridine as an 
acid scavenger (Scheme 8). This result indicates that meso-bTormnaiion occurs more 
readily than p-bromination even on the free-base porphyrin systems when NBS is 
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Attempts to iodinate octaethylporphyrin^^ and tetraphenylporphyrin^^ are 
usually unsuccessful due to the steric hindrance by the ethyl or phenyl substituents, 
preventing large iodinium ion from efficient electrophiHc attack on the periphery of 
the porphyrin ring. Recently, Dolphin et al. have successfully performed iodination 
at one of the m^50-positions of the H2DPP using bis(trifluoroacetoxy)iodobenzene-
iodine (1.2 : 1) as the iodination reagent. 45 
1.4.4. Knoevenagel Condensation 
The condensation of aldehydes or ketones which do not contain an a 
hydrogen with an active methylene compounds of the form Z-CH2-Z' or Z-CHR-Z' 
(e.g. malonic ester) is called the Knoevenagel reaction (eq. 4).46 A secondary amine 
such as piperidine or pyridine is usually added as the catalyst. This method provides 
a facile route to substituted methylene malonic acids or esters. TiCU is sometimes 
added to promote the react ion.47 
, 1 base \ _ _ _ _ � 1 -H2O _ D 
R - C H O + ClC • > ~ < ~ ^ ^ R l � 
^ Z ' HO z ' V z ( ) 
— J Z' 
Formylated porphyrins possess reactivities similar to those of aromatic 
aldehydes. They undergo Knoevenagel condensation with active methylene 
c o m p o u n d s . 4 8 For example, coupling of the formylated porphyrin 4 4 with malonic 
acid proceeds smoothly with the aid of TiCl4 and pyridine giving the dicarboxy 
porphyrin 45 in good yield (Scheme 9).49 
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Scheme 10 
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1.4.5. Palladium-mediated Cross-coupling 
Palladium-mediated cross-coupling methodology has provided a highly 
efficient procedure for the introduction of aUcenyl and alkynyl substituents to an 
aromatic n u c l e u s . 5 0 Recently this methodology has been successfully employed to 
porphyrinic systems, providing a versatile synthetic approach to the elaborated 
p o r p h y r i n s . 5 1 This new approach has some advantages such as quantitative 
conversion，facile reaction and work-up procedures and general applicability. 
The Heck-type Pd(0)-catalyzed coupling reaction between p-bromo MOEP 
46 and a variety of terminally substituted acetylenic derivatives has been reported by 
van Lier et al" A series of p-acetylenyl substituted porphyrins 47 have been 
p r e p a r e d . 5 i a 
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Scheme 10 
/ ^ ^ K < ^ ^ B r Pd(PPh3)2Cl2 w K ^ V > C ^ C - R 
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46 47 
M = Ni, Cu R = alkyl, aryl 
Recently, Dolphin et al. have coupled the m^jo-iodoporphyrin 48 with a 
series of monosubstituted acetylenes using this Heck-type coupling method (Scheme 
11).45 Similarly, a wide range of functional groups have also been coupled with the 
meso-dibromo Zn(H)DPP as shown in Scheme 12.44 
Scheme 11 
0 ¾ H * R 0 ¾ 
( Z n ,}-I >- L Zn ) = R 
K ^ : ) 2 c i 2 K i 5 
A THF/Et3N A 
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48 49 
R = (CH2)20H, Ph, CH(OEt)2, SiMe3, (CH2)4C=CH, (CH2)5Me, 
O H � ^OH 
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�( a ) MeZnCl, PdL2 = Pd(PPh3)2; (b) CeFsZnCl, PdL^ = Pd(dppf); 
(c) 2,5-(OMe)2C6H3ZnCl, PdL2 = Pd(dppf); (d) Bu3Sn(CH=CH2), 
PdL^ = Pd(PPh3)2; (e) Bu3Sn[(4-CH2)-4'.CHrbpy)], PdL2 = Pd-
(PPh3)2. 
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2. RESULTS AND DISCUSSION 
2.7. Preparation of 5,15-diphenylporphyrinatonickel(II) 
5,15-Diphenylporphyrinatonickel(II) (54) is a desirable starting material for 
push-pull porphyrins as the two unsubstituted m^^o-positions are highly reactive^^ to 
which electron donor and acceptor groups can be introduced readily, and the net 
dipole moment is well aligned with the charge transfer axis. 
The free-base 5,15-diphenylporphyrin (53) was prepared readily by Literature 
methods. As shown in Scheme 13 (route 1)，the unsubstituted dipyrromethane 52 
was initially prepared from pyrrole in three steps with 25% overall y i e l d . 5 2 a , b Later 
we adopted an alternative one-step a p p r o a c h ^ ^ c which involves the condensation of 
pyrrole and paraformaldehyde in acetic acid and methanol (route 2). This 
straightforward method avoids the usage of toxic thiophosgene and tedious 
chromatographic separations, and the product can be prepared in gram quantity within 
two days. 
Scheme 13 
I ” 1 1 + S ether^enzene 儿 ^ H j] K^^/KOH 
N C 1 ^ C 1 ~ ^ ~ ^ ^ T l V Steam-bath> 
H 3 4 % H S H 8 6 % 
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� N ) 
1 ~ 0 0 ~ i ] NaBH4M0H/ k � J f j ~ i | p ~ I 
> ^ r N,, reflux 5h ^ S ^ ^ Z 
H 0 H 2 H H 
route 1 19% 5 2 
51 
CH3COOH, MeOH  
0 + (CH,0)n • r X X l 
^ rt ^ N ^ ^ - ^ N ^ 
“ route 2 36% H H 
52 
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The free base porphyrin 53 was prepared in 64% yield by 2+2 cyclization of 
2,2'-dipyrromethane (52) with benzaldehyde under modified44 Manka and 
Lawrence's conditions53 (Scheme 14). Metal insertion proceeded quantitatively in 
refluxing DMF to give the nickel(n) complex 54. This central metal not only 
provides a good protection for the two reactive N-H protons in the macrocycle, but 
can also activate the m^5-o-positions for further electrophilic a t t a c k . 2 §， 4 5 in addition, 
the diamagnetic nature of the nickel(II) ion allows a characterization of this compound 
and its derivatives with NMR spectroscopy. 
Scheme 14 
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2.2. Vilsmeier Formylation of 5，15-Diphenylporphyrinatonickel(II) 
Formylation of free-base 5,15-diphenylporphyrin (53) under Vilsmeier 
conditions turned the purple mixture green before basic hydrolysis, but no formylated 
product could be isolated. This color change was probably due to the formation of 
protonated porphyrin under strongly acidic conditions. Incorporation of a metal ion 
such as Ni(II) into the central core of porphyrin reduces the basicity of the pyrrolic 
nitrogen atoms and thus eliminates the A ^ - subs t i t u t i on .54 
Treatment of the metal complex 54 with the Vilsmeier reagent gave a mixture 
of formylated products which depend on the amount of Vilsmeier reagent, the reaction 
temperature, and the reaction time before hydrolysis (Scheme 15). Only three mono-
and di-formylated products 55, 58，59 were isolated when relatively small amount 
of Vilsmeier reagent (40 equiv.) was added and the reaction was stirred at room 
temperature for 2 h. Two additional mono- and di-formylated products 57 and 5 6 
were isolated when the nickel(n) complex 54 was treated with a larger excess of 
Vilsmeier reagent (>200 equiv.) at 50 °C for 12 h before hydrolysis. 
30 
Scheme 10 
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Under condition 1，the reaction gave a mixture of mono- and diformylated 
products which were readily separated on a silica gel column with toluene as eluent. 
The first fraction (Rf = 0.54) afforded the major product lO-formyl-5,15-
diphenylporphyrinatonickel(II) (55) in 70% yield. The FAB mass spectrum showed 
an isotopic cluster peaking at m/z 546 which could be assigned to the molecular ion of 
a monoformylated product. As shown in Fig. 7, the H^ NMR spectrum of 55 in 
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CDCl3 shows a downfield singlet at 6 12.1 assignable to the formyl group, a singlet 
at 8 9.7 which is due to the unsubstituted meso proton, four doublets at 5 8.7-9.8 
assignable to the P-pyrrolic protons and two multiplets around 6 7.95 and 7.70 due to 
the phenyl groups. The 1¾ {lH} NMR spectrum showed only one downfield signal 
at 6 193.1 in the carbonyl absorbing region. M these spectroscopic data are in 
consistence with a mono m^Jc>-formylated product. 
The second fraction from chromatography (Rf = 0.36) contained a 
diformylated Ni(E)DPP as confirmed by accurate mass measurement. It was 
expected that the second formylation occurs at the remaining m^50-p0siti0n, but the 
unsymmetric pattem of the pyrrolic signals in the lH NMR spectrum indicates that it 
occurs at one of the P positions. A detailed analysis of the NMR data revealed that 
the product is likely to be 58. The H^ NMR spectrum (Fig. 8) shows two downfield 
singlets at 5 11.92 and 10.83 assignable to the meso- and p-foraiyl groups, 
respectively, one singlet at 5 10.46 due to the meso proton, five sets of doublets 
between 5 8.60 and 9.70 (one of which at 5 9.69 contains two overlapping doublets) 
and a singlet at 5 9.08 which can be assigned to the pyrrolic protons. The ^^ C {lH} 
NMR spectrum showed two signals at 5 192.5 and 187.4 in the carbonyl absorbing 
region, confirming that it is an unsymmetric diformylated Ni(II)DPP. The above 
assignment was supported by iH-^H COSY (Fig. 9) and NOESY (Fig. 10) 
experiments. The COSY spectrum shows the coupling between protons separated 
within three chemical bonds (in DPP system, it can only show the interaction between 
adjacent p-protons), while the NOESY spectrum displays cross-peaks for protons 
0 
separated within 5 A (it can show the coupling of meso-^xoion and formyl group as 
well in this c a s e ) � A s hown in Fig. 9，the cross-peak 1 establishes the ^H-^ H 
connectivity between the P-protons H5-He and ^ - ¾ . The cross-peak 2 corresponds 
to the coupling between the remaining unsubstituted pyrrolic protons Hj-Hj. The 
NOESY spectrum (Fig. 10) establishes the connectivities of Ha-H^ and 11^-¾ by 
cross-peak 1，Hf-Hh by cross-peak 2，HfHg by cross-peak 3 and Hh-Hj by cross-
peak 4. The yield of this diformylated product 58 was quite low (8 %), probably due 
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Fig. 9. lH-lH COSY spectrum of 58 
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Fig. 10. NOESY spectrum of 58 
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to the difficulty in forming the dicationic intermediate during the formylation process 
as shown in Scheme 16. 
The most polar band (Rf = 0.20，3% yield) afforded another diformylated 
product 59 of which the structure was proposed according to the ^H NMR (Fig. 11)， 
13C NMR, iH-lR COSY (Fig. 12) and NOESY (Fig. 13) data. Figure 11 shows a 
singlet at 5 11.9 assignable to the m^^o-aldehyde, six doublets between 5 8.56 to 
9.67 due to the pyrrolic protons, the remaining three singlets at 6 9.48，9.38 and 9.03 
are due to the meso-pvoion, p-pyrrolic proton and P-formyl proton, respectively. The 
two downfield signals at 5 192.3 and 187.7 observed in the 1¾ {iR} NMR 
spectrum revealed that it is also an unsymmetric diformylated product. The 
assignment was again supported by lH-lH COSY and NOESY experiments. The 
COSY spectrum (Fig. 12) shows three cross-peaks due to three sets of adjacent 
pyrrolic protons (H^-He, ^ - ¾ and Hj-Hj). As compared to the COSY spectrum, 
the NOESY spectrum (Fig. 13) shows four additional cross-peaks labelled 1，2，3 
and 4，corresponding to the coupling interactions of 化-叫 and H。，Hh_Hg, Hh-Hj 
and Hf-Hg, respectively. It is worth noting that the P-formyl group resonates at a 
much upfield position (5 9.03) than the meso-foxmyl group. It is likely that the cone 
of aromaticity generated by the ring current of the adjacent me^o-phenyl group causes 
an upfield shift of this proton. It is also noteworthy that the p-pyrrolic doublets are 
well separated compared with those of 58. This is also consistent with a more 
unsymmetric structure in which the p-formyl group is attached to 12- rather than 13-
position. 
Under condition 2 which employs a larger excess of formylation reagent (200 
equiv.), elevated temperature ( 5 0 � C ) and prolonged reaction time (10 h), the yield of 
the main product 55 decreased to 59%. Apart from the diformylated products 58 and 
59，two additional formylated products 56 and 57 were isolated. Trace amount of 
the symmetric diformylated product 56 (Rf = 0.49，2%) was eluted out first. The 
symmetric pattem of the ^H NMR spectrum (Fig. 14) clearly indicates that it is a 
meso,m^50-dif0rmylated NiDPP. Further elution gave another mono-formylated 
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product 57 (Rf = 0.36，8%) which was supported by accurate mass measurement 
and l3c pH} NMR spectrum which shows the aldehyde signal at 5 188.4. Figure 
15 shows the lR NMR spectrum of 57. The four singlets at 5 9.25-9.87 are due to 
the meso-^voions, P-formyl group and its adjacent P-pyrrolic proton, while the 
signals within 5 8.84-9.12 are due to the remaining P-pyrrolic protons. This is in 
accord with the COSY spectrum (Fig. 16) which reveals the connectivity between 
these protons. We tried to determine the position of the aldehyde by NOESY 
experiment. The spectrum (Fig. 17) shows that the singlets at 5 9.69 and 9.25 do not 
correlate with the p-pyrrolic protons, and therefore can be assigned to the p-aldehyde 
group and its adjacent P-pyrrolic proton. The most downfield singlet at 5 9.87 
correlates with the singlet at 6 9.69，indicating that the former signal is due to the 
meso-^xoion nearer the formyl group. Unfortunately, the position of the formyl 
group still could not be unambiguously determined. 
It is also desirable to prepare the symmetricaUy diformylated NiDPP 56. 
Different electron-donating and -withdrawing groups can be introduced in stepwise 
through the aldehyde functionality at both meso ends by Knoevenagel condensation 
and/or schiff-base formation. However, compound 56 could only be obtained in 
small quantity as a side product in the formylation of NiDPP 54. Presumably this 
one-pot formylation gives the dicationic intermediate 60，which should be relatively 
unstable. Diformylation was thus performed in a stepwise manner. Treatment of the 
monoformylated NiDPP 55 with the Vilsmeier reagent produced the desired 
diformylated product 56 in good yield (Scheme 16). 
These experiments again show that the m^5o-positions of the porphyrin are 
more susceptible to electrophilic substitution than the p-positions. 
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Fig. 13. NOESY spectrum of 59 
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2.3. Preparation of Push-pull Porphyrins 
10-Formyl-5,15-diphenylporphyrinatonickel(II) (55) underwent 
Knoevenagel condensation readily with malononitrile using triethylamine as a base to 
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Bromination of 55 or 61 with 1.1 equiv. of NBS led to the formation of 62 
or 63, respectively, in good yield (Scheme 18). A meso,^-dihvomo-meso-foxmyl-
porphyrin 64 was also produced in small quantity (up to 10% yield) in the former 
reaction which was easily separated from 62 by column chromatography. This 
compound was characterized by H^ NMR and liquid secondary ion (LSI) mass 
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Porphyrin 62 is a versatile precursor to a series of push-pull porphyrins via 
reactions of the bromo and formyl functionalities (Scheme 19). Treatment of 62 with 
malononitrile under the standard Knoevenagel conditions did not lead to the isolation 
of 63, but several unidentified products were obtained instead. However, by using 
an excess amount of TiCl4 and pyridine，47b，49 the coupling proceeded smoothly and 
porphyrin 63 was obtained in good yield. Compound 63 underwent palladium-
catalyzed coupling reaction with [4-(N^-dimethylamino)phenyl]ethyne to give 66 in 
which an electron-donating dimethylamino group and electron-withdrawing cyano 
groups were linked to the porphyrin core. 
Transformation could also be performed on the bromo group first with 
comparable yields. Reaction of 62 with [4-(A^,A^-dimethylamino)phenyl]ethyne in 
the presence of paUadium catalyst and copper(I) iodide resulted in the formation of 
65，which possesses a relatively weaker electron-withdrawing formyl group. 
48 
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Further functionalization at the formyl end of 65 with other electron acceptors 
can alter the electronic properties of the chromophore. Thus compound 65 was 
coupled with malononitrile, diethyl malonate, and 1,3-diethyl-thiobarbituric acid with 
the aid of TiCL4 to give the push-pull porphyrins 66，67 and 68，respectively 
(Scheme 20). In the Knoevenagel condensation, compound 66 was prepared in good 
yield (73%) in a 0.1-0.5 mmol reaction scale. Compound 67 was obtained in 
moderate yield (53%) in a 0.05 mmol scale. Attempts to scale up this reaction to 0.2 
mmol resulted in a lowering of the reaction yield (ca. 15%). The yield was even 
lower in the preparation of compound 68. The excess thiobarbituric acid could not be 
separated from 68 by column chromatography and recrystallization methods. 
Repeated sublimation of thiobarbituric acid at mild temperature (60 ° Q in vacuo could 
49 
remove most of the impurities, but this process was always accompanied with partial 
decomposition of 68. 
Scheme 20 
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Compounds 65-68 are push-pull porphyrins in which an identical arylethynyl 
electron donor and different electron acceptors are linked at the opposite meso 
positions (the electron-withdrawing power of thiobarbituric acid, -CH=C(CN)2 > -
CH=C(CO2Et)2 > -CHO).10,11 It is noteworthy that compound 68 possesses an 
acceptor which has aromatic character upon polar izat ion. l�Scheme 21 shows three 
resonance forms of compound 68，in which a represents a neutral resonance form, b 
represents one of the charge-separated resonance forms and c is a charge-separated 
resonance form in which the acceptor ring has an aromatic character. This aromaticity 
can stabilize the charge-separated resonance form c and increase its contribution to the 
overall resonance structure. This may facilitate the charge-transfer process and 
eventually enhance the optical nonlinearities. 
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In order to introduce an extra double bond between the aldehyde and the 
porphyrin core, a vinylogous Vilsmeier formylation was performed.35 As shown in 
Scheme 22，reaction of 54 with 3-(dimethylamino)acrolein and phosphorus 
oxychloride afforded mainly the m^jo-(2'-formylethenyl)porphyrin 69 together with 
a small amount of the meso, m^5o-diformylated derivative 70. 
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In an attempt to brominate 69 with NBS, it appeared that the ethenyl group 
was also susceptible to bromo attack. The H^ NMR spectrum of the product showed 
two singlets at 5 10.00 and 9.91’ four doublets between 5 8.66 to 9.40 assignable to 
the four types of P_pyrrole protons, and multiplets around 5 7.7 and 7.9 due to the 
phenyl protons. These data along with the accurate mass measurement suggested that 
the product was either 10-(r,2'-dibromo-2'-formylethenyl)-5,15-
diphenylporphyrinatonickel(n) (71a) or 5-bromo-15-(2'-bromo-2'-formyl-ethenyl)-
10,20-diphenylporphyrinatonickel(II) (71b). No further characterization was carried 
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out on this compound. Porphyrin 69 could however couple with maIononitrile using 
triethylamine as a base to give 72 in excellent yield (Scheme 23). 
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Scheme 24 shows an alternative route to a push-pull porphyrin containing a 
formylethenyl acceptor. The compound 73 was prepared by modifying the procedure 
described by Dolphin et al.A^ Iodination of 5,15-diphenylporphyrin (53) with 0.75 
equiv. of bis(trifluoroacetoxy)phenyliodine and 0.64 equiv. of iodine gave the meso-
iodo product 73 in 65% yield after chromatographic separation from the 
contaminating meso-diiodo porphyrin. MetaUation of 73 with nickel(n) acetate 
tetrahydrate in refluxing DMF gave the metallopoq)hyrin 74 in nearly quantitative 
yield. Since the metalloporphyrin 74 was only sparingly soluble in organic solvents, 
53 
halogenation was better performed prior to metallation. Vinylogous Vilsmeier 
formylation of 74 led to the formation of 75. 
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Compound 75 was fully characterized by H^ NMR, l^C NMR, and visible 
spectroscopy, and elemental analysis. In the H^ NMR spectrum (Fig. 18), the most 
downfield doublet at 5 10.03 (7 = 7.7 Hz) can be assigned to the formyl group. The 
next downfield doublet at 6 9.50 with a larger coupling constant (15.6 Hz) is 
attributed to the ethenyl proton which is closer to the porphyrin ring. The four 
doublets between 5 9.34 and 8.58 are due to the P-pyrrole protons. The relatively 
54 
upfield doublet of doubles at 5 6.56 (7 = 15.6 Hz, 7.7 Hz) is due to the ethenyl 
proton near the formyl group. The observation that two ethenyl protons couple with 
each other with a coupling constant of 15.6 Hz suggests that 75 has a (E)-
configuration. Actually, the removal of diiodo-porphyrins was found to be much 
more convenient after the formylation step as the polarities of 75 and the 
diiodoporphyrins are significantly different which faciUtate the chromatographic 
separation. Finally, coupling of 75 with [4-(A/;A/^-dimethylamino)phenyl]ethyne 
afforded the expected product 76. Figure 19 shows the H^ NMR spectrum of 76. 
This resembles the spectrum of 75 with two extra doublets at 6 7.75 and 6.80 (J = 
8.7 Hz) and a sharp singlet at 5 3.0 which can be assigned to the phenylene and 
methyl protons, respectively. 
All of the push-pull porphyrins were characterized with electronic 
spectroscopy. AU of them gave characteristic Soret and Q bands which are 
summarized in Table 4. Figure 20 shows the visible spectra of 65 and 66 in 
CH2Cl2. The electronic spectrum of 66 shows a broad Soret band at 453 nm and a 
broad Q band at 667 nm which resembles the spectra of 
b i s ( e t h y n y l ) m e t a l l o p o r p h y r i n s . 2 6 , 5 5 Compound 67 and 76 also give similar spectra 
but the absorption bands for the latter are significantly blue-shifted (B band 448 nm, 
Q band 635 nm). Interestingly, the B band is clearly split (424 and 464 nm) in the 
spectrum of 65 as shown in Figure 20. 
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Table 4. Electronic absorption data of push-pull porphyrinatonickel(II) 
complexes in dichloromethane. 
Ph 
" H ; > ^ ^ A 
Ph 
Xmdx/nm (log £) 
Compound A Soret band Q band 
^ -CHO 424 (4.89)，464 (4.84) 630 (4.56) 
66 -CH=C(CN)2 453 (4.82) 667 (4.50) 
67 -CH=C(CO2Et)2 454 (5.34) 658 (4.89) 
" U 
68 o ^ ^ � 428,484 696 
r ^ 
7 6 -CH=CH-CHO 448 (4.70) 635 (4.23) 
Fig. 20. Electronic absorption spectra for 65 and 66 in CH2Cl2 
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2.4, Molecular Structures of 65 and 76 
Recent crystallographic studies of symmetrically substituted NiDPP, namely 
5,15-bis[(4'-fluorophenyl)ethynyl]-10,20-diphenylporphyrinatozinc(II) (77) and 
5,15-bis[(4'-methoxyphenyl)ethynyl]-10,20-diphenylporphyrin (78),55 have 
demonstrated that the 4-substituted phenyl groups are connected to the macrocycle 
through ethynyl bridges which makes the phenyl rings and metalloporphyrinic ring 
essentially coplanar. This coplanarity enables effective electronic interactions within 
the molecule. 
Q n 
VN^ 罚 r~\ ^ V ^ ' ^M /~\ 
F " O ^ g g " ^ " < > F M e O _ O ^ g g > ^ ^ O M e 
0 0 
77 78 
The molecular structures of 65 and 76 were determined by X-ray diffraction 
analyses. The structures are illustrated in Figures 21a and 21b respectively, together 
with the common atomic numbering scheme. Selected bond lengths and angles for 
the donor and acceptor parts are given in Table 5. It is interesting that the structure of 
76 is far more distorted from planarity than is the structure of 65，as measured by the 
least squares plane through the central porphyrin skeleton. The root-mean-square 
deviation of fitted atoms is 0.33 A for the former and 0.19 A for the latter. It is no 
coincidence that C(17) is the greatest distance from this plane in both structures (0.66 
A for 76, 0.32 A for 65). These are in contrast to the structures of 77 and 78, 
which are virtually flat.55 other interesting features include: (i) While the orientation 
of C(4n) (n = 1-6) phenyl ring with respect to the porphyrin macrocycle is almost 
identical in 65 and 76 (dihedral angle = 70.8�and 69.6°, respectively), the dihedral 
59 
angle between the other phenyl group C(6n) (n = 1-6) and the porphyrin ring is much 
larger in 65 (80.6。）than in 76 (68.3。)，which may derive in large part from crystal 
packing forces, (ii) The arylethynyl group C(7n) (n = 1-6) and the porphyrin ring 
adopt a nearly coplanar arrangement in 65 with a dihedral angle of 3.9^, which is in 
accord with the structures of 77 and 78. The corresponding angle for 76，however, 
is significantly larger (10.3�). (iii) The plane containing the aldehyde [C(17), C(51), 
0(52) for 65], in particular for 76 [C(17), C(5n) (n = 1-3)，0(54)], is also twisted 
relative to the porphyrin ring (dihedral angle = 15.7o for 65’ 38 .7�for 76). (iv) The 
C(71)sC(72) triple bond is unexceptional, but the C(25)-C(71) bond is slightly 
longer than the C(72)-C(73) bond in both structures (Table 5) suggesting that a 
substantial cumulenic character is present in these compounds which was not 
observed in 77 and 78.55 
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Fig. 21. (a) The molecular structure of 65; (b) The molecular structure of 76 
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Table 5. Selected bond lengths (A) and angles (。）for 65 and 76 
65 76 
C(17)-C(51) 1.462 (8) 1.464 (12) 
C(5i)-0(52) 1.198 (8) . 
C(51)-C(52) 1.323 (13) 
C(52)-C(53) 1.51 (2) 
C(53)-0(54) 1.20 (2) 
C(25)-C(71) 1.425 ( 8 ) � 1.441 (12) 
C(71)-C(72) 1.175 (8) 1.198 (12) 
C(72)-C(73) 1.411 (8) 1.425 (13) 
C(73)-C(74) 1.378 (9) 1.393 (12) 
C(73)-C(78) 1.397 (9) '1.373 (12) 
C(74)-C(75) 1.355 (8) 1.381 (12) 
C(75)-C(76) 1.376 (10) 1.392 (13) 
C(76)-C(77) 1.412 (10) 1.407 (13) 
C(77)-C(78) 1.347 (9) 1.396 (13) 
C(76)-N(79) 1.363 (8) 1.371 (12) 
C(17)-C(51)-0(52) 129.0 (7) 
C(17)-C(51)-C(52) 127.2 (10) 
C(51)-C(52)-C(53) 119.4 (12) 
C(52)-C(53)-0(54) 122 (2) 
C(25)-C(71)-C(72) 178.9 (6) 179.5 (10) 
C(71)-C(72)-C(73) 175.8 (7) 175.0 (10) 
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2.5. Nonlinear Optical Properties of Push-pull Porphyrins 65 and 66 
The molecular first hyperpolarizabiHty (P) for 65 was measured by HRS 
method in CHCl3 solution using incident irradiation wavelength of 1,064 nm.58 
Although unprecedendy large P values were reported for the related porphyrins 24 
and 25 as determined by this technique, we found that 65 was highly fluorescent and 
the two-photon absorbance fluorescence photons outweighed the scattering signals 
which is a commonly observed p h e n o m e n o n . 5 9 Because of this, we employed an 
alternative means, the EFISH measurements, to study the second-order NLO 
properties of these push-pull porphyrins. 
Hyperpolarizabilities for compounds 65 and 66 were measured by EFISH by 
Eric M. Breitung and Professor Robert J. McMahon at the University of Wisconsin-
M a d i s o n . 6 0 Table 6 contains values of the dot product i^ P measured experimentaUy 
at 1,907 nm. These values, along with the computed dipole moments, enable the 
determination of P ,^ the hyperpolarizabiHty in the direction of the dipole moment. 
The P^ values for 65 (P^ 例？賺=126 x 10_30 cm5 esu"l) and 66 (P* 例？膽=205 x 
10_30 cm5 esu_l) are not corrected for resonance enhancement because the second 
harmonic signal (954 nm) Hes far from the electronic absorptions. 
Table 6. Experimental hyperpolarizabilities and calculated dipole moments of 65 
and 66. 
Compound i^pa，b ^^  P , d x ^ J 
expt calc expt 
65 570 4.53 126 630 
66 1170 5.71 205 670 
a in units of 10_30 cm5 D esu_l; b in CHCl3; c in units ofDebye, computed 
from PM3(tm) geometry; d in units of 10_30 cm5 esu_l 
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The P^ values of 65 and 66 are an order of magnitude smaller than those of 
the push-pull arylethynyl porphyrins 24 ( p ^ 咖= 1 5 0 1 x 10_30 cm^ esu]) and 25 
( P i 0 6 4 nm = 4933 X 10_30 cm^ esu-l) studied by Therien et a / " 2 6 The substantial 
disparity between reported p values of 24 and 25 relative to 65 and 66 arises, in 
part, from the different experimental methods used to obtain the hyperpolarizability in 
each case. The EFISH measurements of 65 and 66 were performed at 1,907 nm in 
order to avoid resonance enhancement. The HRS measurements of 24 and 25 were 
performed at 1,064 and 830 nm; these wavelengths afford substantial resonance 
enhancement, along with possible anomalous enhancement because of two-photon 
fluorescence. Both phenomena lead to larger measured values of p. 
All four compounds (24，25，65，and 66) contain the same donor 
substituent, namely [4-(iV,iV-dimethylamino)phenyl]ethynyl. The acceptor 
substituent of 24 and 25 (4-nitrophenylethynyl) differs from those in 65 and 66 
(formyl and dicyanoethenyl, respectively). The key distinction involves steric 
factors. The ethyne moiety of 4-nitrophenylethynyl substituent does not encounter 
steric repulsions with the P-hydrogens of the porphyrin ring, thereby allowing the 
acceptor subunit of 24 and 25 to maintain conjugation across the donor-porphyrin-
acceptor framework. This extensive delocalization affords a large molecular 
hyperpolarizability. The acceptor substituents of 65 and 66 are both sp2-hybridized 
at the point of attachment to the porphyrin ring. Steric repulsions with the p-
hydrogens cause the acceptor substituent to twist out of the plane of the porphyrin 
ring.* This spatial arrangement dramatically decreases the electronic coupling across 
the donor-porphyrin-acceptor framework; resulting in a significantly smaller 
molecular hyperpolarizability. 
* Semiempirical PM3(tm) calculations readily confirm that acceptor substituents are 
twisted out of conjugation with the porphyrin ring in the optimized geometries of 6 5 
and 66. This is in agreement with the molecular structures of 65 and 76 determined 
by X-ray diffraction analyses. 
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In comparing the EFISH results for 66 and 65, the dicyanoethenyl acceptor 
affords a larger hyperpolarizability than the formyl acceptor (205 us. 126 x 10_30 cm^ 
esu-l，respectively). This observation can be rationalized in terms of better electronic 
overlap of the dicyanoethenyl substituent with the porphyrin ring. The experimental 
absorption spectra reveal that the longest-wavelength Q band for 66 (670 nm) occurs 
40 nm to the red of that for 65 (630 nm). This observation may account for the larger 
hyperpolarizability of 66 in terms of both a larger intrinsic hyperpolarizability and a 
slightly higher degree of resonance enhancement.** 
2,6, Attempted Syntheses of Push-pull Porphyrin Trimer and Dimers 
According to recent theoretical calculations, push-pull oligoporphyrins linked 
with ethynyl bridges should have extremely high first h y p e r p o l a r i z a b i l i t i e s . 2 7 We 
therefore changed our focus to more extended bi- and tri-porphyrin systems. 
As shown in Scheme 25, treatment of Ni(II)DPP (54) with 2.2 equiv. of 
NBS gave the m^50-dibr0minated metaHoporphyrin 79 in exceUent yield. Pd-
catalyzed coupling reaction with trimethylsilylethyne introduced two triple bonds 
symmetrically at the two opposite m^5o-positions of the porphyrin. Compound 8 0 
possesses good solubility in common organic solvents such as chloroform, toluene 
and hexanes. 
** The computed dipole moments of 66 (5.7 D) v .^ 65 (4.5 D) reveal that the 
dicyanoethenyl-substituted compound is more polar than the aldehyde analog. Given 
the fact that the acceptors in both 66 and 65 are twisted out of the plane of the 
porphyrin ring, the substituent effect on the dipole moment could arise via purely an 
inductive effect. Only by considering differences in the absorption spectra does one 
find evidence for a resonance contribution. 
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Removal of the TMS groups proceeded smoothly when 80 was treated with 1 
M tetrabutylammonium fluoride in THF. The resulting meso,meso-bis(Qthynyl) 
Ni(II)DPP 81 has poor solubility in a range of organic solvents. The terminal 
ethynes in 81 were expected to couple with the meso brominated porphyrins 63 and 
8226 in stepwise giving the push-pull porphyrin trimer 89. Unfortunately, when 81 
was treated with stoichiometric amount of 82 or 63 under typical palladium-catalyzed 
coupling conditions, the color of the reaction mixture changed to green in 5 min and 
precipitate was obtained which is insoluble in most organic solvents. A significant 
amount of 82 or 63 was also recovered. It is likely that the diacetylene 81 
undergoes self-oligomerization. 
Scheme 25 
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In order to avoid self-coupling of 81, we employed an alternative method to 
push-pull porphyrin dimer which is shown in Scheme 26. Treatment of 63 with 
trimethylsilylethyne in the presence of palladium catalyst gave 84 in excellent yield. 
Attempts to remove the TMS group with a variety of bases such as potassium 
hydroxide, potassium carbonate, and tetrabutylammonium fluoride were not 
successful. Several unidentified compounds were obtained instead. Deprotection of 
terminal alkyne was however accomplished with potassium fluoride in CH3OHArHF 
mixture. The H^ NMR spectrum of the product showed a singlet at 5 12.3， 
suggesting that the dicyanoethenyl group had been converted to a formyl group 
during the deprotection process. The donor-containing counterpart 82 was prepared 
from 79 and 88. The bis(alkynyl)porphyrin 83 was also produced in 15% yield. 
Attempts to couple 85 with 82 under typical Heck-type reaction conditions were 
unsuccessful. The reaction again led to a precipitation along with a recovery of a 
significant amount of the starting material 82. 
Scheme 26 
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The reaction sequence shown in Scheme 27 was also attempted. Coupling of 
82 with trimethylsilylethyne gave 86 in good yield. Removal of the trimethylsilyl 
group of 86 with potassium fluoride proceeded smoothly to yield 87, which was 
then coupled with 63 with the aid of palladium catalyst. Unfortunately, the expected 
push-pull porphyrin dimer 91 was not obtained. A significant amount of 63 was 
recovered together with a black precipitate. Because of its poor solubility in most 
organic solvents, the purification and characterization were found to be very difficult. 
Scheme 27 
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By employing several well-established procedures including formylation, 
halogenation, Knoevenagel condensation, and palladium-catalyzed cross-coupling 
reactions, we have prepared a series of push-pull porphyrins based on 5,15-
diphenylporphyrinatonickel(n) core. These NLO chromophores having a net dipole 
moment essentially aligned with the charge transfer axis exhibit relatively high P 
values compared with the push-pull m e > s o t e t r a a r y l p o r p h y r i n s 2 5 and p-acceptor 
p o r p h y r i n s . 2 4 Since the acceptor groups of these chromophores which are linked to 
the porphyrin core through an ethenyl moiety are significantly tilted with respect to the 
conjugated 7C-system, the p values, however, are substantially smaller than those of 
push-pull arylethynyl porphyrins such as 24 and 25.26 The synthetic routes 
described in this work are rather general and can be extended to tailor the porphyrin-
based chromophores with a view to optimizing their NLO responses. 
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3. EXPERIMENTAL SECTION 
3.1, General Methods 
Air sensitive reactions were carried out using standard Schlenk-line techniques 
under an atmosphere of nitrogen. Phosphorus oxychIoride and pyrrole were 
fractionally distilled from sodium and CaH2, respectively. Triethylamine and CH2Cl2 
were distilled from CaH2 prior to use. THF and DMF were distilled from sodium 
benzophenone ketyl and BaO, respectively. Dichloroethane was distilled from P2O5. 
AU other solvents and reagents were purchased from commercial sources and used 
without further purification. Chromatographic purifications were performed on siUca 
gel columns (Merck, 70-230 mesh) with the indicated eluents. Hexanes used in 
chromatography was distilled from anhydrous CaCl2. 
3.2. Physical Measurements 
Melting points are uncorrected. lH NMR spectra were recorded in CDCl3 
solutions at either 250 or 300 MHz on Bruker WM 250 or 300 spectrometer, and are 
reported in ppm downfleld from tetramethylsilane. Visible spectra were measured in 
CH2Cl2 solutions at ambient temperature on a Hitachi U-3300 spectrophotometer. IR 
spectra were obtained on a FT-IR spectrometer as KBr pellets. LSI and FAB mass 
spectra were taken using a 3-nitrobenzyl alcohol matrix. High-resolution accurate 
mass measurements using LSI technique were performed on a Bruker APEX 47e 
ultra-high resolution Fourier transform ion cyclotron resonance (FT-ICR) mass 
spectrometer. Elemental analyses were performed by either the Shanghai Institute of 
Organic Chemistry, the Chinese Academic Chimeca or the MEDAC Ltd. at the Brunei 
University. 
Measurements of molecular hyperpolarizabilities were performed via the 
EFISH method at 1907 nm using a series of solutions (10"3 - 10_4 M) in CHCl3. 
Other experimental details of the hyperpolarizability measurements have previously 
been d e s c r i b e d . ^ 6 八 reference channel was not used due to power limitations at 1907 
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nm. Ground state geometries and dipole moments were calculated using PM3(tm) 
semiempirical model supported in the SPARTAN computational chemistry p a c k a g e . 5 7 
3.3. Synthesis of Push-pull Porphyrins 
2,2'-Dipyrrothione (50).52a Xo a vigorously stirred solution of 
thiophosgene (8.4 ml，12.6 g，109.6 mmol) in benzene (300 ml) was added dropwise 
a solution of pyrrole (15.0 g, 223.9 mmol) in freshly distilled diethyl ether (150 ml) 
at 0 °C. (Note: thiophosgene is extremely toxic and should be handled very carefully.) 
The pale red solution tumed to dark red during the addition (25 min). After stirring 
the mixture at rt for 15 min, aqueous methanol (80%, 400 ml) was added. The 
mixture was stirred for 14 h at rt before removing the solvents under reduced 
pressure. The residue was extracted with benzene / methanol (9 : 1，1000 ml) and 
filtered on a short alumina column (7 x 4 cm). The eluent was concentrated to 200 ml 
and poured on the top of another column packed with alumina (7 x 20 cm) and eluted 
with benzene / methanol (9 : 1). The first bright orange-red band was collected which 
upon evaporation yielded dark red crystals (6.73 g, 34%). 
2,2'-Dipyrroketone (51).^2a 八 dark red solution of 2,2'-dipyrrothione 
(50) (6.7 g, 38 mmol) and potassium hydroxide (13.4 g) in aqueous ethanol (95%, 
1300 ml) was treated with aqueous hydrogen peroxide (35%, 19 mI) with vigorous 
stirring. The red color disappeared and pale yellow precipitates emerged during the 
addition of H2O2. The mixture was heated for 10 min on a steam-bath. The 
precipitates were collected by filtration and the volatiles of the filtrate were evaporated 
to yield a second crop of product. The yellow solid was recrystallized from aqueous 
ethanol (50%, 100 ml) to afford pale yellow crystals (4.44 g，86%). 
2,2'-Dipyrromethane (52).52b,c Route 1: To a mixture of 2,2'-
dipyrroketone (51) (1.536 g, 9.6 mmol) and morpholine (1.6 ml) in refluxing 
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aqueous ethanol (95%, 40 ml) was added portionwise sodium borohydride (6 x 
0.768 g, 122 mmol) in 3 h under an atmosphere of nitrogen. (Note: The first portion 
should be added slowly to avoid vigorous boiling.) Water was added after the 
addition of each portion of sodium borohydride. The pale yellow suspension was 
refluxed for a further 2 h before pouring into water (80 ml). The mixture was then 
extracted with diethyl ether (4 x 30 ml) and the combined extracts were washed with 
water (40 ml), dried over Na2SO4, and rotary-evaporated. The residual yellow oil 
was chromatographed on a silica gel column (4 x 15 cm) with CHCl3 as eluent. The 
first fraction was collected which upon evaporation to afford an off-white solid (1.11 
g, 79%). Route 2: To a stirred solution of pyrrole (20 ml) in glacial acetic acid (30 
ml) was added paraformaldehyde (216 mg, 7.2 mmol) at rt under nitrogen. The 
colorless mixture was stirred at rt for 12 h. The solution tumed pale green with an 
orange solid formed gradually. The mixture was then diluted with CH2Cl2 (100 ml) 
and washed with water (60 ml x 2), 1 N NaOH (60 ml x 2), and water (60 ml x 2) 
again before drying over MgSO4. The volatiles were removed in vacuo to give a pale 
green oily liquid. Unreacted pyrrole (ca. 12 ml) was recovered by vacuum distillation 
and collected in a trap freezed by liquid nitrogen. The residue was purified by column 
chromatography with CH2Cl2 / hexanes (9 : 1) as eluent. The second portion was 
collected which upon evaporation to give white crystals (380 mg, 36%). This 
compound can be stored under nitrogen at -20 °C for several weeks. 
5,15-Diphenylporphyrin (53)M Freshly distilled CH2Cl2 (ca. 500 ml) 
was added to 52 (462 mg, 3.2 mmol) in a three-necked round-bottomed flask under 
nitrogen. Benzaldehyde (317 ^1, 3.2 mmol) was then added and the mixture was 
degassed with a stream of nitrogen for 10 min. Trifluoroacetic acid (150 ^1, 2.0 
romol) was then added via a syringe. The flask was shielded from ambient light with 
an aluminum foil. After stirring for 3 h at rt, the dark red reaction mixture was 
quenched with DDQ (900 mg，4.0 mmol) and stirred for an additional 30 min. The 
purple mixture was neutralized with triethylamine (3 ml), concentrated to ca. 100 ml, 
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then poured on the top of a silica gel column. The first red portion eluted out with 
CH2Cl2 / hexanes (8 : 2) was coUected and evaporated to give 53 as purple crystals 
(470 mg, 64%). l R NMR (250 MHz): 5 10.29 (s, 2 H, meso-Ul 9.37 (d, J = 4.5 
Hz, pyr-H), 9.07 (d, 7 = 4 . 5 Hz, 4 H，pyr-H), 8.25-8.28 (m, 4 H, Ph-H), 7.78-
7.81 (m, 6 H, Ph-H), -3.13 (s, 2 H, N-H). 
5,15-Diphenylporphyrinatonickel (II) (54).62 Nickel acetate 
tetrahydrate (1.50 g, 6.0 mmol) was added to a solution of 5,15-diphenylporphyrin 
(53) (0.93 g, 2.0 mmol) in refluxing DMF (150 ml). The mixture was refIuxed under 
nitrogen for 15 h. After cooling to rt, the mixture was further chilled at -15 °C for 2 h 
to give the product as purple-red crystals (0.84 g，81%) which were separated by 
filtration. The filtrate was poured into water (150 ml), and the precipitate formed was 
filtered and washed extensively with water (250 ml) and methanol (100 ml) affording a 
second crop of product (0.18 g, 17%, total yield 98%). Vis (入隱 nm): 400，515, 
547; iH NMR: 6 9.94 (s, 2 H, meso-H), 9.19 (d,7 = 4.8 Hz, 4 H, pyr-H), 8.94 (d, 
y = 4 . 8 Hz, 4 H，pyr-H), 8.05-8.09 (m, 4 H, Ph-H), 7.72-7.75 (m, 6 H, Ph-H). 
10-Formyl-5,15-diphenylporphyrinatonickel(II) (55), 10,20-
diformyl-5,15-diphenylporphyrinatonickel(II) (56)， 8- formyl-5 ,15-
diphenylporphyrinatonickel(II) (57), 10,17-diformyl-5,15-diphenyl-
porphyrinatonickel(II) (58) and 10,18-diformyl-5,15-diphenyl-
porphyrinatonickel(II) (59). Preparation of the Vilsmeier reagent: To a 100 ml 
round-bottomed flask containing distiUed DMF (20 ml) was added freshly distilled 
POCl3 (20 ml) at 0 °C under nitrogen. The pale-red mixture was allowed to stand at rt 
for 0.5 h. ‘ 
Condition 1: The pale-red Vilsmeier reagent was added in dropwise via a 
syringe to a solution of 54 (200 mg, 0.39 mmol) in dichloroethane (70 ml). After 
stirring at rt for 2 h, the green solution was mixed with saturated aqueous NaOAc 
(150 ml) and the mixture was vigorously stirred at 6 0 � C for 2 h. The organic layer 
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was separated, washed with water (3 x 100 ml), dried over anhydrous Na2SO4, and 
rotary-evaporated. The residue was chromatographed with toluene as eluent. The 
first greenish red fraction was collected and evaporated to give the formylated product 
55 (148 mg, 70%). The second green fraction afforded 58 (27 mg, 12%). The last 
brownish red fraction was collected and rotary-evaporated to afford 59 (13 mg, 6%). 
Condition 2: To a solution of NiDPP 54 (900 mg, 1.71 mmol) in distilled 
dichloroethane (400 ml) was added the Vilsmeier reagent (36 ml, 200 mmol) in 
dropwise via a syringe. After heating at 50。C for 10 h, the purple reaction mixture 
was cooled to rt, then mixed with saturated aqueous NaOAc (500 ml). The mixture 
was vigorously stirred at 60。C for 2 h. The organic layer was separated, washed 
with water (250 ml x 3), dried over anhydrous Na2SO4, and rotary-evaporated. The 
residue was chromatographed on a silica gel column (8 x 25 cm) with toluene as 
eluent. Five compounds were isolated, and three of them (fraction 2, 3 and 4) 
performed repeated chromatography to remove impurities. The first greenish red 
fraction afforded 55 (560 mg, 59 %) upon evaporation of the solvent. The second 
bright green fraction yielded 56 (21 mg, 2 %) as a green solid. The third portion 
afforded 57 (72 mg 8 %) as a red solid. This was followed with a green band 
containing 58 (90 mg, 9 %) and the last brownish red fraction containing 59 (30 mg, 
3 %). 
For 10-formyl-5,15-diphenylporphyrinatonickel (II) (55): Rf=0.54; Vis [Xmax 
nm (log £)]: 416 (5.79), 544 (4.48), 588 (4.67); !H NMR: 5 12.07 (s, 1 H, CHO), 
9.82 (d，J = 5.1 Hz, 2 H, pyr-H), 9.67 (s, 1 H, meso-H). 9.00 (d, J = 4.8 Hz, 2 H, 
pyr-H), 8.86 ( d , / = 5 . 4 Hz, 2 H, pyr-H), 8.70 (d, 7 = 4 . 8 Hz, 2 H, pyr-H), 7.94-
7.96 (m, 4 H, Ph-H), 7.69-7.72 (m, 6 H, Ph-H); i3CpH} NMR (75.4 MHz): 5 
193.1 (CHO), 144.2，141.8, 141.2，140.0，135.3，133.5, 133.2，132.4，130.5’ 
128.1, 127.1，120.4，108.6，106.3; HRMS (LSI) m/z calcd. for C33H20N458NiO 
(M+) 546.0991，found 546.0948. Anal. Calcd. for C33H20N4NiO: C, 72.43; H, 
3.68; N, 10.24. Found: C, 72.18; H, 3.54; N, 10.15. 
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For 5,15-diformyl- 10,20-diphenylporphyrinatonickel (II) (56)，Rf= 0.49; Vis 
[A-max nm (log e)]: 427 (5.70), 630 (4.70); !H NMR: 5 12.04 (s, 2 H, CHO), 9.78 
(d, J = 5.1 Hz, 4 H, pyr-H), 8.81 (d, J = 5.1 Hz, 4 H, pyr-H), 7.93-7.95 (m, 4 H, 
Ph-H), 7.69-7.75 (m, 6 H, Ph-H); HRMS (LSI) m/z calcd. for C34H20N458NiO2 
(M+) 574.0934 (M+), found 574.0925. 
For 8-formyl-5,15-diphenylporphyrinatonickel (II) (57)，Rf= 0.39; Vis [Xmax 
nm (log 8)]: 357 (4.70)，414 (5.88)，526 (4.69)，568 (4.73); iH NMR: 5 9.87 (s, 1 
H, meso-H), 9.80 (s, 1 H, CHO), 9.69 (s, 1 H, pyr-H), 9.25 (s, 1 H, meso-H), 
9.09-9.12 (overlapping d, 3 H, pyr-H), 8.89-9.92 (overlapping d, 2 H, pyr-H), 8.85 
(d, 1 H, pyr-H), 8.00-8.04 (m, 4 H, Ph-H), 7.69-7.79 (m, 6 H, Ph-H); ^^ C p H } 
NMR (75.4 MHz): 5 188.4 (CHO), 143.7，135.5, 133.9, 133.8，133.6，133.4， 
133.0，132.9, 132.5, 129.0，128.0, 127.5, 127.0，107.6，104.9; HRMS (LSI) m/z 
calcd. for C33H20N458NiO (M+) 547.1063, found 547.1072. 
For 5,12-diformyl-10,20-diphenylporphyrinatonickel (II) (58): Rf= 0.36; Vis 
[Xmax nm (log 8)]: 426 (5.68), 559 (4.33), 605 (4.70); H^ NMR: 6 11.92 (s, 1 H, 
CHO), 10.83 (s, 1 H, CHO)，10.46 (s, 1 H，meso-Hl 9.69 (d, 7 = 5 . 4 Hz, 2 H, 
pyr-H), 9.08 (s, 1 H, pyr-H), 9.00 (d, J = 4.8 Hz, 1 H, pyr-H), 8.77 (q, 
overlapping d, 7 = 5 . 1 Hz, 2 H, pyr-H), 8.61 (d, 7 = 4 . 8 Hz, 1 H，pyr-H), 7.90-
7.93 (m, 4 H, Ph-H), 7.69-7.70 (m, 6 H, Ph-H); i3c {iR} NMR (75.4 MHz): 5 
192.5 (CHO), 187.4 (CHO), 146.2，145.4, 145.2, 142.6, 140.6, 140.4，139.2， 
139.0，138.3，138.0, 136.0，135.8, 135.4, 133.4, 132.9，131.4，130.7, 128.5, 
128.3, 127.3， 122.9, 120.1， 109.1， 106.6; HRMS (LSI) m/z calcd. for 
C34H20N458NiO2 (M+) 574.0934， found 574.0910. Anal. Calcd. for 
C34H20N4NiO2: C, 70.99; H, 3.50; N，9.74. Found: C, 70.42; H, 3.45; N, 9.64. 
For 5,13-diformyl-10,20-diphenylporphyrinatonickel (II) (59): Rf = 0.20; Vis 
[Xmax nm (log e)]:429 (5.71), 550 (4.53)，595 (4.63); 1 H NMR: 5 11.86 (s, 1 H， 
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CHO), 9.66 ( d , 7 = 5 . 1 Hz, 1 H, pyr-H), 9.63 ( d , 7 = 5 . 1 Hz, 1 H, pyr-H), 9.48 (s, 
1 H, meso-K), 9.38 (s, 1 H, CHO), 9.03 (s, 1 H, pyr-H), 8.87 (d, J = 4.8 Hz, 1 H, 
pyr-H), 8.79 (d,7 = 5.1 Hz, 1 H, pyr-H), 8.74 (d, 7 = 5 . 4 Hz, 1 H, pyr-H), 8.57 
(d, J = 4.8 Hz, 1 H, pyr-H), 7.85-7.89 (m, 4 H, Ph-H), 7.68-7.74 (m, 6 H, Ph-H); 
i3C {lH} NMR (75.4 MHz): 5 192.3 (CHO), 187.7 (CHO), 145.9, 145.4, 141.9， 
141.7，141.5, 140.0，139.2，137.7，136.1，136.0，134.2, 133.5, 133.4，132.7， 
131.3, 130.9’ 129.3，128.3, 127.7, 127.2, 120.5，119.8’ 111.0, 106.3. 
10,20-Diformyl-5,15-diphenylporphyrinatonickel (56). 10-Formyl-
5,15-diphenylporphyrinatonickel (II) (55) (30 mg, 0.055 mmol) was treated with 
Vilsmeier reagent (2 ml) in dichIoroethane (10 ml) for 3 h following the standard 
procedure. The second bright green fraction was collected and the solvent was 
evaporated to yield the title compound as a green solid (20 mg, 63 %). 
10-(2' ,2'-Dicyanoethenyl)-5,15-diphenylporphyrinatonickel(II) 
(61). The formylated porphyrin 55 (97 mg, 0.18 mmol) and malononitrile (40 mg, 
0.6 mmol) were dissolved in THF (16 ml). Triethylamine (0.4 ml) was added and the 
mixture was stirred at room temperature for 2 h. The volatiles were removed under 
reduced pressure and the residue was chromatographed with toluene as eluent. The 
first green band was coUected which upon evaporation yielded 61 as a greenish 
purple solid (104 mg, 98%): Rf = 0.71; Vis [Xmax nm (log £)]: 385 (5.14)，444 
(5.52)，607 (4.66); lR NMR (250 MHz) 5 10.03 (s, 1 H, vinyl-H), 9.46 (s, 1 H, 
meso-H), 9.14 (d, J = 5.0 Hz, 2 H, pyr-H), 8.85 (d, J = 4.8 Hz, 2 H, pyr-H), 8.82 
(d, J = 5.0 Hz, 2 H, pyr-H), 8.63 (d, J = 4.8 Hz, 2 H’ pyr-H), 7.90-7.93 (m, 4 H， 
Ph-H), 7.65-7.74 (m, 6 H, Ph-H); HRMS (LSI) m/z calcd. for C36H20N658Ni (M+) 
594.1103, found 594.1064. Anal. Calcd. for C36H20N6Ni: C, 72.64; H, 3.39; N, 
14.12. Found: C, 72.41; H, 3.42; N, 14.01. 
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5-Bromo-15-formyl-10,20-diphenylporphyrinatonickel(II) (62) 
and m^50-p-dibr0minated Ni(II)DPP (64). To a solution of 55 (60 mg, 0.1 
mmol) in CHCl3 (25 mL) at 0°C was added pyridine (0.1 mL) and NBS (20 mg, 0.1 
mmol). The mixture was gradually warmed to rt, then kept stirring at this temperature 
for 2 h. The volatiles were removed under reduced pressure and the residue was 
chromatographed with toluene as eluent. The first purple band was collected to give a 
small amount of meso,P-dibvomo porphyrin 64. Further elution developed a dark 
purple band which was collected and rotary-evaporated to afford 62 as purple 
microcrystals (52 mg, 76%): 
62: Rf = 0.60; Vis [A,max nm (log e)]: 424 (5.81), 550 (4.52), 596 (4.72); H^ 
NMR (300 MHz) 6 11.93 (s, 1 H, CHO), 9.70 (d, J=5.2 Hz, 2 H, pyr-H), 9.35 
(d, J = 5.1 Hz, 2 H, pyr-H), 8.76 (d, J = 5.1 Hz, 2 H, pyr-H), 8.58 (d, J = 4.7 Hz, 
2 H, pyr-H), 7.88-7.90 (m, 4 H, Ph-H), 7.67-7.70 (m, 6 H, Ph-H); l ^ c f l R } NMR 
(62.9 MHz) 5 192.2 (CHO), 144.7，144.4，141.4，141.0，139.4, 135.6, 134.1， 
133.4，132.9, 130.9，128.2, 127.1，121.0, 107.0，106.1; JR: 1659s cm] (CO 
stretching); HRMS (LSI) m/z calcd for C33H198lBrN458NiO (M+) 626.0076，found 
626.0052. Anal. Calcd for C33H19BrN4NiO: C, 63.30; H, 3.06; N, 8.95. Found: 
C, 63.29; H, 3.06; N, 8.81. 
64: Rf = 0.76; Vis (A^ max nm): 428, 605; !H NMR: 5 11.85 (s, 1 H, CHO), 
9.66 (d, J = 5.3 Hz, 1 H, pyr-H), 9.13 (d, J = 5.0 Hz, 1 H, pyr-H), 9.12 (d, J = 5.0 
Hz, 1 H, pyr-H), 8.66 (s, 1 H，pyr-H), 8.47 (d, J = 5.3 Hz, 1 H，pyr-H), 8.43 (d, J 
=5.0 Hz, 1 H, pyr-H), 8.37 ( d , / = 5 . 0 Hz, 1 H, pyr-H), 7.57-7.82 (m, 12 H, Ph-
H); HRMS (LSI) m/z calcd. for C33H1979BrN458NiO (M+) 701.9202, found 
701.9320. 
[4-(A^,A^-dimethylamino)phenyI]ethyne (88 ) .50b，e Trimethylsilylethyne 
(0.54 g, 5.5 mmol) was added into a mixture of A^,A^-dimethylamino-4-iodobenzene 
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(1.09 g, 5.0 mmol), triethylamine (10 ml), and catalytic amounts of 
bis(triphenylphosphine)paIladium (II) chloride (60 mg, 0.09 mmol) and copper (I) 
iodide (15 mg, 0.08 mmol) with stirring. The suspension tumed to dark gray in 15 
min. The mixture was then gently heated at 30-35 °C with stirring for one day. 
Diethyl ether (80 ml) was added and the precipitate was filtered off on a sintered-glass 
funnel and washed extensively with diethyl ether. The combined ether portions were 
washed with water, dried (Na2SO4) and concentrated to give A^,A^-dimethyl-4-
trimethylsilylethynyl aniline (0.528 g, 55 %) as yellow needles. !H NMR: 6 7.3 (d, 
J = 8.6 Hz, 2 H, Ph-H), 6.6 (d, J = 8.8 Hz, 2 H, Ph-H), 3.0 (s, 6 H, NMe2), 0.2 
(s, 9 H, TMS). 
Aqueous potassium hydroxide solution (1.0 N, 1 ml) was added to a solution of 
the above yellow crystals (0.22 g, 1.0 mmol) in methanol (15 ml), and the mixture 
was stirred at rt for 2 h. After acidification with 1 N HC1 (3 ml), methanol was 
removed and the suspension was extracted with diethyl ether (2 x 15 ml). The solvent 
was removed to afford 88 as pale yellow crystals (0.10 g, 70%). H^ NMR: 6 7.4 (d, 
7 = 8.9 Hz, 2 H, Ph-H), 6.6 (d, 7 = 8.9 Hz, 2 H, Ph-H), 3.03 (s, 1 H, C=C-H), 
2.98 (s, 6 H, NMe2). 
5-Bromo-15-(2',2'-dicyanoethenyl)-10,20-diphenylporphyrin-
atonickeI(II) (63). From 62: A mixture of TiCU (3.1 ml) and CCl4 (7 ml) was 
added through an addition funnel to a 250 ml three-necked round-bottomed flask 
containing THF (50 ml). A solution of compound 62 (31 mg, 0.05 mmol) and 
malononitrile (0.88 g, 13.3 mmol) in THF (15 ml) was slowly added to the yellow 
solution, then pyridine (4.4 ml) in THF (8 ml) was added in dropwise over 3 h. The 
green mixture was stirred at rt for a further 15 h. Water (100 ml) was added and the 
dark green solution was stirred at rt for 10 min before extracting with diethyl ether 
(100 ml). The extract was washed with water (2 x 50 ml), dried over anhydrous 
MgSO4, and evaporated. The residue was chromatographed with toluene as eluent. 
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The second band was collected to afford 63 as a green solid (28 mg, 83%). From 
61: Pyridine (0.2 ml) and NBS (40 mg, 0.22 mmol) were added to a solution of 6 1 
(119 mg, 0.20 mmol) in CHCl3 (35 mL) at 0°C. The mixture was stirred at rt for 2 h, 
then the volatiles were removed in vacuo. The crude product was purified by column 
chromatography with toluene as eluent (121 mg, 90%): Rf = 0.76; Vis [A<max nm (log 
e)]: 391 (5.11), 448 (5.68), 617 (4.83); !H NMR: 8 9.90 (s, 1 H, vinyl-H), 9.33 (d, 
J = 4.9 Hz，2 H, pyr-H), 9.08 (d, J = 5.0 Hz，2 H, pyr-H), 8.75 (d, J = 5.2 Hz, 2 
H, pyr-H), 8.56 (d, J = 5.0 Hz, 2 H, pyr-H), 7.87-7.90 (m, 4 H, Ph-H), 7.67-7.70 
(m, 6 H, Ph-H); 13c{lH} NMR (75.4 MHz) 6 159.2, 144.4，142.0，141.7，141.5, 
139.0’ 135.5, 134.6，133.5，133.4’ 130.6，128.4, 127.2, 121.9, 114.4，112.8， 
107.4，103.2, 89.3; JR: 2205m cm_l (CN stretching); HRMS (LSI) m/z calcd. for 
C36H198lBrN658Ni (M+) 674.0189，found 674.0224. Anal. Calcd. for 
C36H19BrN6Ni: C, 64.14; H, 2.84; N, 12.47; Br, 11.85. Found: C, 64.49; H, 3.15; 
N, 11.87; Br, 11.97. 
5-Formyl-15-{[4'-(iV,A^-dimethylamino)phenyl]ethynyl)-10,20-
diphenylporphyrinatonickel(II) (65). 5-Bromo-15-formyl-10,20-
diphenylporphyrinatonickel(II) (62) (63 mg, 100 nunol), Pd(PPh3)2Cl2 (10 mg, 14 
nunol), CuI (5 mg, 26 mmol) and [4-(A/;A^-dimethylamino)phenyl]ethyne (17 mg, 
120 mmol) were mixed with dry THF (8 ml) in a SchIenk tube under N2. Distilled 
triethylamine (1.4 ml) was added and the mixture was stirred at rt for 2 h (monitored 
by TLC, toluene as eluent). The solvent was removed and the dark green residue was 
extracted with dichloromethane (50 ml), then purified by chromatography using 
toluene as eluent. The first red fraction was 5-formyl-10,20-
diphenylporphyrinatonickel(n) (55). The second main portion was coUected and 
evaporated to afford 65 as a dark green solid (50 mg, 73 %): Rf = 0.50; Vis [Xmax 
nm (log e)]: 424 (4.89)，464 (4.84)，630 (4.56); !H NMR (300 MHz): 6 11.97 (s, 1 
H, CHO), 9.70 (d, J = 5.1 Hz, 2 H, pyr-H), 9.44 (d, J = 4.8 Hz, 2 H, pyr-H), 8.74 
(d，J = 5.1 Hz, 2 H, pyr-H), 8.59 (d，J = 5.1 Hz，2 H’ pyr-H), 7.92-7.95 (m, 4 H， 
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Ph-H), 7.78 (d, 7 = 8 . 7 Hz, 2 H, Ph-H), 7.68-7.71 (m, 6 H, Ph-H), 6.81 (d, J = 
8.7 Hz, 2 H, Ph-H), 3.09 (s, 6 H, Me2N); Anal. Calcd. for C43H29N5NiO: C, 
74.81; H，4.23; N, 10.14. Found: C, 73.56; H, 4.35; N，9.65. 
5-(2' ,2 '-Dicyanoethenyl)-15-{[4"-(A^,A^-dimethylamino)phenyl]-
ethynyl}-10,20-diphenylporphyrinatonickel(II) (66). From 63. — A 
mixture of 63 (34 mg, 50 ^mol), Pd(PPh3)2Cl2 (3 mg, 4 ^imol), CuI (2 mg, 10 
|0,mol), [4-(A^,iV-dimethylamino)phenyl]ethyne (9 mg, 60 |0,mol), and triethylamine 
(0.7 ml) in THF (4 ml) was stirred at room temperature for 2 h. The volatiles were 
removed in vacuo and the dark green residue was extracted with CH2Cl2 (40 ml). 
The extract was washed with water (2 x 30 mI), dried over anhydrous MgSO4, 
concentrated in reduced pressure, then chromatographed using toluene as eluent. The 
second band was collected and rotary-evaporated to give 66 as a dark green solid (30 
mg, 81%). From 65 - By using the procedure described for 63，compound 65 (69 
mg, 0.10 mmoi) was treated with TiCl4 (6.2 mI), CCl4 (14 ml), maIononitrile (1.5 g, 
22.6 mmol), and pyridine (8.8 ml) in THF (150 ml) to give 66 (54 mg, 73%): Rf = 
0.46; Vis [Xjnax nm (log £)]: 453 (4.82), 667 (4.50); lR NMR (300 MHz) 5 9.85 (s, 
1 H, ethenyl-H), 9.34 (d, J = 4.8 Hz, 2 H, pyr-H), 9.01 (d, J = 5.1 Hz, 2 H, pyr-
H), 8.67 (d, J = 5.1 Hz, 2 H, pyr-H), 8.50 (d, J = 4.8 Hz, 2 H, pyr-H), 7.86-7.89 
(m，4 H, Ph-H), 7.75 (d, J = 8.9 Hz，2 H, Ph-H), 7.63-7.71 (m, 6 H，Ph-H), 6.80 
(d, J= 8.9 Hz, 2 H, Ph-H), 3.09 (s, 6 H, NMe2); ^^C{^U] NMR (75.4 MHz) 5 
159.2, 150.8, 143.9，143.3，141.6，141.4，139.3’ 134.9，133.3，133.2，132.8， 
132.6，130.0，128.2, 127.2, 122.1，114.7，113.0，111.9，109.4，106.2, 103.3， 
102.5, 88.3’ 88.1，40.2; HRMS (LSI) m/z calcd. for C46H29N758Ni (M+) 
737.1838, found 737.1867. Anal. Calcd. for C46H29N7Ni: C, 74.82; H，3.96; N, 




According to the procedure described for 63，compound 65 (70 mg, 0.10 mmol) was 
treated with TiCU (6.2 ml), CCU (14 ml), diethyl malonate (2 ml, 13.2 mmol), and 
pyridine (8.8 ml) in THF (150 ml) to give 67 (44 mg, 53%): Rf = 0.45; Vis [Xmax 
nm (log £)]: 454 (5.34), 658 (4.89); lH NMR (300 MHz) 8 10.02 (s, 1 H, ethenyl-
H), 9.52 (d, J = 4.8 Hz, 2 H, pyr-H), 9.12 (d, J = 5.1 Hz, 2 H, pyr-H), 8.67-8.69 
(two overlapping d, 4 H, pyr-H), 7.93 (bs, 4 H, Ph-H), 7.79 (d, J = 8.4 Hz，2 H, 
Ph-H), 7.67-7.74 (m, 6 H, Ph-H), 6.81 (d, / = 8.7 Hz, 2 H, Ph-H), 4.50 ( q , ] : 
12 Hz, 2 H, CHi), 3.32 (q, J = 6.9 Hz, 2 H, 0 ¾ ) , 3.08 (s, 6 H, Me2N), 1.47 (t, J 
= 7 . 1 Hz，3 H, CH3), -0.10 (t, J = 7.1 Hz, 3 H, CH3); HRMS (LSI) m/z calcd. for 
C50H39N558NiO4 (M+) 831.2355, found 831.2391. Anal. Calcd. for 
C50H39N5NiO4: C, 72.13; H, 4.72; N, 8.41. Found: C, 70.78; H，4.74; N, 8.10. 
5-[4 ' -(Dimethylamino)-phenylethynyl]-10,20-diphenylporphyrin-
atonickel (II) with a l ,3-diethyl-2-thiobarbituric acid acceptor at 1 5 -
pos i t ion (68). According to the procedure described for 63 , compound 65 (14 
mg, 0.02 mmol) was treated with TiCl4 (1.4 ml), CCl4 (3 ml), l,3-diethyl-2-
thiobarbituric acid (1.0 g, 5.0 mmol) and pyridine (2.0 ml) in THF (40 ml). After 
general work-up and chromatographic purification, the coupled product could not be 
separated from the starting thiobarbituric acid, although most of which was removed 
by vacuum sublimation (60 °C, 0.1 mmHg). As shown in the ^H NMR spectrum, 
the purple residue was a mixture of 68 and thiobarbituric acid (1 : 1，8 mg, 40% yield 
estimated from lH NMR spectrum). Vis (CH2Cl2, A,max nm): 428，484，696; iR 
NMR (250 MHz): 6 10.65 (s, 1 H, ethenyl-H), 9.32 (d, J = 4.8 Hz，2 H, pyr-H), 
8.98 (d, J = 5.0 Hz, 2 H, pyr-H), 8.55 (d, J = 5.0 Hz, 2 H, pyr-H), 8.46 (d, J = 4.8 
Hz, 2 H, pyr-H), 7.79 (d, J = 8.8 Hz，3 H, Ph-H), 7.67 (bs, 8 H, Ph-H), 6.88 (d, J 
= 7 . 5 Hz, 2 H, Ph-H), 4.74 ( q, 4 H, CH2), 4.19 (q, 3 H, CH2), 3.10 (s, 6 H, 




(70). In a 50 ml round-bottomed flask connected to a nitrogen inlet, freshly distilled 
POCl3 (0.8 ml, 8.6 mmol) was added in dropwise to a solution of 3-(N,N-
dimethylamino)acrolein (0.8 ml, 8.0 mmol) in CH2Cl2 (4.0 ml) at 0°C. The red 
mixture was kept at room temperature for 30 min, then a portion of this Vilsmeier 
reagent (2.0 ml, 2.9 nunol) was transferred via a syringe to a solution of 54 (156 mg, 
0.3 mmol) in CH2Cl2 (50 ml). The mixture was heated at 50°C for 7 h, then cooled 
to rt and mixed with a saturated aqueous NaOAc (100 ml). The mixture was 
vigorously stirred at 60°C for 2 h. The organic layer was separated and washed with 
water (3 x 80 ml). After drying over anhydrous Na2SO4, the volatiles were removed 
under reduced pressure and the crude product was purified by chromatography with 
toluene as eluent. A dark red band followed by a green band were developed which 
were collected and evaporated to give 69 (94 mg, 55%) and 70 (10 mg, 5%), 
respectively. 69: Rf=0.39; Vis [A^ max nm (log e)]: 426 (5.76)，541 (4.78)，584 
(4.71); lH NMR (300 MHz) 5 10.03 (d, J = 9.3 Hz, 1 H, CHO), 9.66 (s, 1 H, 
meso-Y{\ 9.61 (d, J = 18.6 Hz, 1 H, ethenyl-H), 9.27 (d, J = 6.0 Hz，2 H, pyr-H), 
9.02 (d, J = 5.7 Hz, 2 H, pyr-H), 8.82 (d, J = 6.0 Hz, 2 H, pyr-H), 8.75 (d, J 二 5.4 
Hz, 2 H, pyr-H), 7.94-7.98 (m, 4 H, Ph-H), 7.66-7.74 (m, 6 H, Ph-H), 6.60 (dd, J 
=9.3，18.6 Hz, 1 H, ethenyl-H); HRMS (LSI) m/z calcd. for C35H23N458NiO 
(MH+) 573.1225, found 573.1229. Anal. Calcd. for C35H22N4NiO: C, 73.33; H, 
3.87; N, 9.77. Found: C, 73.27; H, 3.89; N, 9.80. 70: Rf = 0.13; Vis [Xmax nm 
(log £)]: 444 (5.50), 622 (4.59); iR NMR (300 MHz) 6 10.06 (d, J = 7.8 Hz, 2 H, 
CHO), 9.54 (d, 7 = 15.6 Hz，2 H, ethenyl-H), 9.23 (d, 7 = 5.1 Hz, 4 H，pyr-H), 
8.72 (d, J = 4.8 Hz, 4 H’ pyr-H), 7.90-7.93 (m, 4 H, Ph-H), 7.68-7.73 (m, 6 H, 
Ph-H), 6.61 (dd, 7 = 7 . 8 , 15.6 Hz, 2 H, ethenyl-H); HRMS (LSI) m/z calcd. for 




nickei(II) (69) (61 mg, 0.11 mmol) was treated with a stoichiometric amount of NBS 
at standard condition giving the dibrominated compound 71 (28 mg, 43%) after 
chromatographic purification. Vis (kmax nm): 424，538. H^ NMR (250 MHz): 5 
10.00 (s, 1 H, CHO), 9.91 (s, 1 H，vinyl-H), 9.41 (d, / = 5.0 Hz, 2 H, pyr-H), 
8.99 (d, J = 4.8 Hz, 2 H, pyr-H), 8.72 (d, J = 5.0 Hz, 2 H, pyr-H), 8.67 (d, J = 5.0 
Hz, 2 H, pyr-H), 7.90 (m, 4 H, Ph-H), 7.72 (m, 6 H, Ph-H); HRMS (LSI) m/z 
calcd. for C35H20^^Br2N458NiO (MH+) 727.9358, found 727.9358. 
10-(4',4'-Dicyano-l',3'-butadienyl)-5,15-diphenylporphyrinato-
nickel(II) (72). According to the procedure described for 61 , compound 69 (115 
mg, 0.2 mmol) was treated with malononitrile (44 mg, 0.7 mmol) and triethylamine 
(0.4 ml) in THF (25 ml) to give 72, which was further purified by recrystallization 
from CHCl3 / hexane (120 mg, 96%): Rf = 0.56; Vis [X^ax nm (log e)]: 393 (5.40)， 
469 (5.68), 626 (5.05); iR NMR (300 MHz) 5 9.64 (s, 1 H, meso-E), 9.24 (d, J = 
14.7 Hz, 1 H, CH=CH-CH=C(CN)2), 9.15 (d, J = 5.1 Hz, 2 H, pyr-H), 9.00 (d, J 
=4.5 Hz, 2 H, pyr-H), 8.79 (d, J = 5.1 Hz, 2 H, pyr-H), 8.69 (d, J = 4.8 Hz, 2 H， 
pyr-H), 7.94-7.97 (m, 4 H, Ph-H), 7.83 (d, J = 11.7 Hz, 1 H, CH=CH-
CH=C(CN)2), 7.67-7.74 (m, 6 H, Ph-H), 7.00 (dd, J = 11.7，14.7 Hz, 1 H, 
CH=CH-CH=C(CN)2). By using the procedure described for 62，compound 6 1 
was treated with 1.1 equiv. of NBS to give compound 63 in 90 % yield. Compound 
72 yielded a mixture of multibrominated products upon bromination. 
5-Iodo-10,20-diphenylporphyrin (73).45 A mixture of 53 (130 mg, 
0.28 mmol)，bis(trifluoroacetoxy)phenyliodine (89 mg, 0.21 mmol), and finely 
divided iodine (45 mg, 0.18 mmol) in CHCl3 (25 ml) was stirred at rt for 15 min. 
The volatiles were removed under reduced pressure and the residue was 
chromatographed on a silica gel column (6 x 20 cm) using chloroform / hexane (2 : 3) 
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as eluent. The first fraction was a mixture of mono- and di- iodinated compound (60 
mg), the second purple fraction contained 73 (70 mg, 43 %，overall yield was about 
80 %). Vis (>-niax nm): 423, 521, 560, 602，660. H^ NMR (250 MHz): 5 10.17 (s, 
1 H, meso-n), 9.75 (d, J = 4.7 Hz, 2 H, pyr-H), 9.28 (d, J = 4.4 Hz, 2 H, pyr-H), 
8.95 (d, J = 4.4 Hz，2 H, pyr-H), 8.93 (d, J = 4.9 Hz, 2 H, pyr-H), 8.20-8.22 (m, 
4 H, Ph-H), 7.78-7.82 (m, 6 H, Ph-H), -3.02 (s, 2 H, N>H). 
5-Iodo-10,20-diphenylporphyrinatonickel(II) (74). A mixture 7 3 
(100 mg, 0.16 mmol) and Ni(OAc)2.4H2O (110 mg, 0.43 mmol) in DMF (20 ml) 
was refluxed for 4 h. The resulting bright red mixture was cooled slowly to -20^C 
and the microcrystals formed were filtered. The filtrate was mixed with water (20 ml) 
to give a second crop of product (115 mg, 95 %). Rf = 0.94 (toluene); Vis [Xmax nm 
(log £)]: 407, 523; lH NMR (300 MHz) 5 9.75 (s, 1 H, mejo-H)), 9.55 (d, J = 5.1 
Hz, 2 H, pyr-H), 9.08 (d, J = 4.8 Hz, 2 H, pyr-H), 8.81 (d, J = 4.8 Hz, 2 H, pyr-
H), 8.78 (d,7 = 5.1 Hz, 2 H, pyr-H), 7.98-8.01 (m, 4 H, Ph-H), 7.69-7.74 (m, 6 
H, Ph-H); HRMS (LSI) m/z calcd for C32H19E^458Ni (M+) 644.0010, found 
644.0051. 
5-(2'-Formylethenyl)-15-iodo-10,20-diphenylporphyrinatonickel 
(II) (75). A mixture of 74 and 5,15-diiodo-10,20-diphenylpoq)hyrinatonickel(II) 
(5 : 1，120 mg) in CH2Cl2 (50 ml) was treated with the Vilsmeier reagent prepared 
from (3-dimethylamino)acrolein (1.5 ml), POCl3 (1.5 ml), and CH2Cl2 (6 ml). The 
mixture was stirred at rt overnight, then a saturated aqueous NaOAc (100 ml) was 
added. The mixture was stirred vigorously at 50°C for 2 h, then the organic portion 
was separated and washed with water. After drying over anhydrous Na2SO4, the 
solution was evaporated in vacuo and the residue was chromatographed with toluene 
as eluent. The first fraction contained a mixture of the starting iodoporphyrins and the 
second fraction contained a small amount of unidentified side products. The last 
green fraction was coUected and evaporated to afford the desired product (62 mg, 
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50%): Rf = 0.36; Vis [X,max nm (log e)]: 436 (5.70), 556 (4.48), 602 (4.58); H^ 
NMR (300 MHz) 5 10.03 (d, J = 7.7 Hz, 1 H, CHO), 9.50 (d, J = 15.6 Hz, 1 H， 
CH=CH-CHO), 9.34 (d, J = 5.0 Hz, 2 H, pyr-H), 9.19 (d, J = 5.0 Hz, 2 H, pyr-
H), 8.71 (d, J = 5.0 Hz, 2 H, pyr-H), 8.58 (d, J = 5.0 Hz，2 H，pyr-H)，7.87-7.90 
(m, 4 H, Ph-H), 7.64-7.72 (m, 6 H, Ph-H), 6.56 (dd, 1 H, J = 7.7，15.6 Hz, 
CH=CH-CHO); l3c NMR (75.4 MHz) 5 192.0 (CHO), 150.9，144.2，143.7, 141.5 
(two overlapping signals), 139.5, 138.5, 134.4, 133.7, 133.5, 131.3，128.1，127.1， 
120.4, 108.8; Anal. Calcd. for C35H21IN4NiO: C, 60.13; H, 3.03; N, 8.01. Found: 
C，59.95; H, 2.99; N, 7.72. 
5-(2'-Formylethenyl)-15-{[4"-(iV,A^-dimethylamino)phenyl]-
ethynyl)-10,20-diphenylporphyrinatonickel(II) (76). By employing the 
procedure described for 65，compound 75 (40 mg, 60 ^imol) was treated with 
Pd(PPh3)2Cl2 (4 mg, 6 M,mol), CuI (3 mg, 16 ^mol), [4-(A ,^A -^
dimethylamino)phenyl]ethyne (12 mg, 80 ^tmol), and triethylamine (1 ml) in THF (8 
ml) to give 76 as a dark green solid (35 mg, 80%): Rf = 0.30; Vis [X^ax nm (log £)]: 
448 (4.70)，635 (4.23); H^ NMR (250 MHz) 6 9.97 (d, J = 7.8 Hz, 1 H, CHO), 
9.44 ( d , 7 = 15.5 Hz, 1 H, CH=CH-CHO), 9.40 (d, J = 5.0 Hz, 2 H，pyr-H), 9.09 
(d, J = 5.0 Hz, 2 H, pyr-H), 8.62 (d, J = 5.0 Hz，2 H, pyr-H), 8.56 (d, J = 5.0 Hz, 
2 H, pyr-H), 7.85-7.88 (m, 4 H, Ph-H), 7.75 (d, J = 8.7 Hz, 2 H, Ph-H), 7.55-
7.72 (m, 6 H, Ph-H), 6.80 (d, J = 8.7 Hz, 2 H, Ph-H), 6.56 (dd, 1 H, J 二 7.8，15.5 
Hz, CH=CH-CHO); MS (FAB): an isotopic cluster peaking at mh 716 (MH+). 
5-Formyl-10,20-diphenylporphyrin (89). A CH2Cl2 solution (5 ml) of 
5-formyl-10,20-diphenylporphyrinatonickel (55) (14 mg, 0.026 mmol) was treated 
with a mixture of trifluoroacetic acid (9.0 ml) and concentrated sulfuric acid (2 ml). 
The reaction mixture was stirred under nitrogen for 30 min at rt then diluted with 
water (50 ml). Aqueous saturated sodium carbonate was added and the mixture was 
stirred for 15 min. The organic layer was washed with water (30 ml x 3) and dried 
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over anhydrous Na2CO3. After removing the volatiles, the residue was 
chromatographed with CH2Cl2 / hexanes (4 : 1) as eluent. The main brownish green 
fraction was coUected and evaporated to afford 89: Vis [Xmax nm (log £)]: 416 
(6.09), 480 (4.06), 513 (4.76), 547 (4.25), 587 (4.31), 644 (3.98); !H NMR: 5 
12.59 (s, 1 H, CHO), 10.26 (s, 1 H, meso-Y{\ 10.08 (d, 2 H, J = 4.5 Hz, 2 H，pyr-
H), 9.29 (d, J = 4.5 Hz, 2 H, pyr-H), 9.06 (d, 2 H, J = 5.1 Hz, 2 H, pyr-H), 8.89 
(d, J = 4.5 Hz, 2 H, pyr-H), 8.19-8.22 (m, 4 H, Ph-H), 7.80-7.86 (m, 6 H, Ph-H), 
-2.45 (s, 2 H, N-H). 
3.4. Attempted Preparation of Push-pull Porphyrin Trimer and Dimer 
5,15-Dibromoporphyrinatonickel(II) (79). To a solution of 54 
(156 mg, 0.30 mmol) in CHCl3 (70 ml) was added pyridine (0.4 ml) and NBS 
(110 mg, 0.62 mmol). The mixture was stirred at rt for 2 h, then washed with 
water (2 x 50 ml) and dried over anhydrous Na2SO4. The volatiles were removed 
under reduced pressure and the residue was chromatographed with toluene / 
hexanes (1 : 1) as eluent. The first red band was collected and rotary-evaporated to 
afford 79 as purple microcrystals (190 mg, 95%): Rf = 0.80; Vis [^ max nm (log 
£)]: 418, 535; lH NMR (300 MHz) 5 9.43 (d, J = 5.1 Hz，4 H, pyr-H), 8.70 (d, J 
= 5 . 1 Hz, 4 H，pyr-H), 7.91-7.94 (m, 4 H, Ph-H)，7.68-7.73 (m, 6 H, Ph-H); 
Anal. Calcd. for C32Hi8Br2N4Ni: C, 56.77; H, 2.68; N, 8.28. Found: C, 56.13; 
H, 2.49; N, 7.99. 
5,15-Bis[(trimethylsilyl)ethynyl]-10,20-diphenylporphyrinato-
nickel(II) (80). Trimethylsilylethyne (0.09 ml, 60 mg, 0.6 mmol) was added into 
a mixture of 79 (102 mg, 0.15 mmol), triethylamine (2.2 mI), Pd(PPh3)2Cl2 (14 mg, 
0.02 mmol), CuI (6 mg, 0.03 mmol) in THF (12 ml) with stirring. The suspension 
tumed to green in 15 min. The mixture was then gently heated at 30-35 °C with 
stirring for 12 h. The volatiles were removed under vacuum and the residue was 
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extracted with CHCl3. The extracts were washed with water, dried over anhydrous 
CaCl2 and concentrated in vacuo. The residue was chromatographed with toluene / 
hexanes (1 : 3) as eluent. The first green fraction was collected and rotary-evaporated 
to afford 80 as a greenish purple solid (97 mg, 95%): Rf = 0.78; Vis [Xmax nm (log 
£)]: 431，552, 587; !H NMR (300 MHz) 5 9.46 (d, J = 5.1 Hz, 4 H, pyr-H), 8.71 
(d, J = 4.8 Hz, 4 H, pyr-H), 7.97-7.99 (m, 6 H, Ph-H), 7.70-7.72 (m，8 H, Ph-H); 
MS (FAB): an isotopic cluster peaking at m/z 711 (M+). 
5,15-Bis(ethynyl)-10,20-diphenylporphyrinatonickel(II) ( 8 1 ) . 
To a solution of 80 (68 mg, 0.10 mmol) in CH2Cl2 (30 ml) was added 1 M Bu4NF 
THF solution (10 ml). The mixture tumed to brownish red in 5 min. After stirring at 
rt for 50 min, the reaction mixture was evaporated to dryness under vacuum and the 
residue was chromatographed with toluene / hexanes (1 : 2) as eluent. The first green 
band was coUected which upon evaporation yielded 81 as a purple solid (43 mg, 
76%): Rf=0.65; Vis [A,max nm (log e)]: 425, 546，583. 
5-Bromo-15-{[4 '-( iV, iV-dimethylamino)phenyl]ethynyl}-10,20-
diphenylporphyrinatonickel(II) (82) and 5，15-bis{[4'-( iV,iV-dimethyl-
amino)phenyl]ethynyl}-10,20-diphenylporphyrinatonickel(II) (83). A 
mixture o f 7 9 (100 mg, 148 ^imol), Pd(PPh3)2Cl2 (8 mg, 12 ^mol), CuI (4 mg, 21 
p,mol), [4-(N,N-dimethylamino)phenyl]ethyne (26 mg, 177 p,mol), and triethylamine 
(2.0 ml) in THF (12 ml) was stirred at rt for 12 h. The volatiles were removed in 
vacuo and the residue was extracted with CH2Cl2 (50 ml). The extract was washed 
with water (2 x 30 ml), dried over anhydrous MgSO4, concentrated in reduced 
pressure, then chromatographed using toluene as eluent. The first red band contained 
a small amount of starting material. The second green fraction was collected which 
upon evaporation yielded 82 as purple microcrystals (37 mg, 34%): Rf = 0.60; Vis 
[Xmax nm (log £)]: 453 (5.68), 555 (4.81), 603 (5.07); lH NMR (300 MHz) 5 9.52 
(d, J = 4.8 Hz, 2 H, pyr-H), 9.41 (d, J = 5.1 Hz, 2 H, pyr-H), 8.70’ 8.68 
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(overlapping d, 7 = 4 . 8 Hz, 7 = 4 . 8 Hz, 4 H，pyr-H), 7.95-7.97 (m, 4 H, Ph-H), 
7.77 (d, J = 8.7 Hz, 2 H, Ph-H), 7.68-7.73 (m, 6 H, Ph-H), 6.82 (d, J = 8.4 Hz, 2 
H, Ph-H), 3.08 (s, 6 H, Me2N); Anal. Calcd. for C43H29N5NiO: C, 68.05; H, 3.81; 
N，9.45. Found: C, 67.30; H, 3.69; N, 9.24. Further elution developed a dark 
purple band which was coUected and rotary-evaporated to afford 83 as purple 
microcrystals (18 mg, 15%): Rf = 0.25; Vis [Xmax nm (log £)]: 467，637; !H NMR 
(300 MHz) 5 9.50 (d, J = 4.8 Hz, 4 H, pyr-H), 8.68 (d, J = 5.1 Hz, 4 H, pyr-H), 
7.98-8.00 (m, 4 H, Ph-H), 7.79 (d, 7 = 8 . 7 Hz, 4 H, Ph-H), 7.69-7.71 (m, 6 H, 
Ph-H), 6.82 (d, J = 9.0 Hz, 4 H, Ph-H), 3.08 (s, 12 H, Me2N); HRMS (LSI) m/z 
calcd. for C52H38N658Ni (MH+) 804.2506，found 804.2584. 
5-(2',2'-Dicyanoethenyl)-15-(trimethylsilylethynyl)-10,20-
diphenylporphyrinatonickeI(II) (84). A mixture of 5-bromo-15-(2',2'-
dicyanoethenyl)-10,20-diphenylporphyrinatonickel(II) (63) (100 mg, 150 p,mol), 
Pd(PPh3)2Cl2 (16 mg, 24 ^mol), CuI (12 mg, 63 ^mol), trimethylsilylethyne (0.1 
ml, 600 fxmol), and triethylamine (1.8 ml) in THF (12 ml) was stirred at rt for 16 h. 
The volatiles were removed in vacuo and the residue was extracted with CH2Cl2 (50 
ml). The extract was washed with water (2 x 40 ml), dried over anhydrous MgSO4, 
concentrated in reduced pressure, then chromatographed using toluene as eluent. The 
main green fraction was collected which upon evaporation yielded 84 as purple 
microcrystals (107 mg, 97%): Rf = 0.82; Vis [X^ax nm (log e)]: 453，631; H^ 
NMR (300 MHz) 5 9.96 (s, 1 H, ethenyl-H), 9.35 (d, J = 5.1 Hz, 2 H, pyr-H), 
9.08 ( d , 7 = 5.1 Hz, 2 H, pyr-H), 8.75 (d, 7 = 5 . 1 Hz, 2 H, pyr-H), 8.60 (d, J = 
5.1 Hz, 2 H, pyr-H), 7.89-7.92 (m, 4 H, Ph-H), 7.68-7.71 (m, 6 H, Ph-H), 0.525 
(s, 9 H, TMS); HRMS (LSI) m/z calcd. for C4iH2gN658NiSi (M+) 690.1492’ found 
690.1525. 
5-Ethynyl-15-formyl-10,20-diphenylporphyrinatonickel(II) 
(85). A solution of 84 (13 mg, 0.02 mmol) in THF (5 ml) was treated with 
potassium fluoride (10 mg, 0.17 mmol) in methanol (5 ml), and the mixture was 
stirred at rt for 6 h. The volatiles were removed in vacuo and the residue was purified 
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by column chromatography using toluene as eluent. The main band was collected 
which upon evaporation to afford 85 as a purple solid: Rf= 0.82; Vis [^ max nm (log 
e)]: 428，608; lH NMR (300 MHz) 5 12.03 (s, 1 H, CHO), 9.77 (d, J = 5.1 Hz, 2 
H, pyr-H), 9.43 (d, 7 = 4 . 8 Hz, 2 H, pyr-H), 8.81 ( d , 7 = 5 . 1 Hz, 2 H，pyr-H), 
8.66 ( d , 7 = 4 . 8 Hz, 2 H, pyr-H), 7.92-7.95 (m, 4 H, Ph-H), 7.67-7.74 (m, 6 H, 
Ph-H), 4.09 (s, 1 H, C=C-H). 
5-{[4'*-(iV,A^-dimethylamino)phenyl]ethynyl)-15-[(trimethyl-
silyl)ethynyl]-10,20-diphenylporphyrinatonickel(II) (86). According to 
the procedure described for 84，a mixture of 82 (37 mg, 0.05 mmol), Pd(PPh3)2Cl2 
(5 mg, 8 nunol), CuI (4 mg, 21 mmol), trimethylsilylethyne (0.1 ml), and 
triethylamine (0.6 ml) in THF (5 ml) was stirred at room temperature for 12 h to give 
86 (28 mg, 75%). ^H NMR (300 MHz) 6 9.50 (d, J = 4.8 Hz, 2 H’ pyr-H), 9.42 
(d, J = 4.8 Hz, 2 H, pyr-H), 8.68 (overlapping d’ J = 4.8 Hz, 4.8 Hz, 4 H, pyr-H), 
7.97-8.00 (m, 4 H, Ph-H), 7.67-7.74 (m, 8 H, Ph-H), 6.74 (d, J=7.8 Hz, 2 H, 
Ph-H), 3.02 (s, 6 H, NMe2), 0.56 (s, 9 H, SiMe3). 
5-Ethynyl-15-{[4"-(A^,iV-dimethylamino)phenyl]ethynyl|-10,20-
diphenylporphyrinatonickel(II) (87). According to the procedure described for 
85，a solution of 86 (15 mg, 0.02 mmol) in THF (5 ml) was treated with potassium 
fluoride (10 mg, 0.17 mmol) in methanol (5 ml) to give compound 87 (10 mg, 74%): 
Vis [A,max nm (log £)]: 454, 560，610; lH NMR (300 MHz) 6 9.53 (d, J = 4.9 Hz, 2 
H, pyr-H), 9.43 (d, J = 4.9 Hz, 2 H，pyr-H), 8.70 (overlapping d, J = 4.9 Hz, J = 
4.8 Hz, 4 H, pyr-H), 7.97-7.99 (m, 4 H, Ph-H), 7.79 (d, J= 8.7 Hz, 2 H, Ph-H), 
7.69-7.73 (m, 6 H, Ph-H), 6.81 (d, J = 8.8 Hz, 2 H, Ph-H), 4.04 (s, 1 H, C=C-H), 
3.08 (s, 6 H, Nme2); MS (FAB): an isotopic cluster peaking at m/z 685 (M+). 
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Appendix B-1 Crystal data for 65 
j 
T a b l e 1 . C r y s t a l d a t a a n d s t r u c t u r e r e f i n e m e n t f o r 65 . 
E m p i r i c a l f o r m u l a C4 3 H29 N5 N i 0 
F o r m u l a w e i g h t 6 9 0 . 4 2 
T e m p e r a t u r e 2 9 3 ( 2 ) K 
W a v e l e n g t h 0 . 7 1 0 7 3 A 
C r y s t a l s y s t e m m o n o c l i n i c 
S p a c e g r o u p C 2 / c 
U n i t c e l l d i m e n s i o n s a = 2 6 . 4 4 ( 2 ) A 
b = 1 0 . 2 4 2 ( l l ) A p = 1 0 0 . 9 6 6 ( 1 0 ) d e g . 
C = 2 4 . 4 3 (2) A 
V o l u m e 6 4 9 6 ( 1 1 ) A " 3 
Z 8 
D e n s i t y ( c a l c u l a t e d ) 1 . 4 1 2 Mg/m"3 
A b s o r p t i o n c o e f f i c i e n t 0 . 6 4 2 mm^-1 
F ( 0 0 0 ) 2864 
C r y s t a l s i z e 0 . 4 5 * 0 . 1 0 * 0 . 1 0 mm 
T h e t a r a n g e f o r d a t a c o l l e c t i o n 2 . 3 5 t o 2 5 . 0 7 d e g . 
I n d e x r a n g e s 0 < = h < = 3 1 , - 1 0 < = k < = 1 0 , - 2 8 < = l < = 2 8 
R e f l e c t i o n s c o l l e c t e d 9938 
I n d e p e n d e n t r e f l e c t i o n s 5280 [ R ( i n t ) = 0 . 0 4 3 0 ] 
G o o d n e s s o f f i t o n F^2 0 . 8 5 8 
D a t a / r e s t r a i n t s / p a r a m e t e r s 5280 / 0 / 4 5 4 
W e i g h t i n g Scheme ( a , b ) * 0 . 2 5 4 , 0 . 0 0 0 
F i n a l R i n d i c e s [ I > 2 s i g m a ( I ) ] R l = 0 . 0 8 3 2 , wR2 = 0 . 2 3 8 1 
R i n d i c e s ( a l l d a t a ) R l = 0 . 1 3 8 6 , wR2 = 0 . 2 9 2 0 
E x t i n c t i o n c o e f f i c i e n t 0 . 0 0 0 0 ( 3 ) 
L a r g e s t d i f f . p e a k a n d h o l e 1 . 6 5 5 a n d - 0 . 5 2 5 e . A " - 3 
* W e i g h t i n g s c heme w = 1 / (a^ (F^^) + ( a P " + bP) , w h e r e P = (F^^ + 2F^^) / 3 
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T a b l e 2 . A t o m i c c o o r d i n a t e s ( x 1 0 ^ 4 ) a n d e q u i v a l e n t i s o t r o p i c 
d i s p l a c e m e n t p a r a m e t e r s (A "2 x 1 0 " 3 ) f o r 6 5 . U ( e q ) i s d e f i n e d 
a s o n e t h i r d o f t h e t r a c e o f t h e o r t h o g o n a l i z e d U i j t e n s o r . 
X y z U ( e q ) 
N i 3 1 3 9 ( 1 ) 6 7 8 2 ( 1 ) 8 5 9 ( 1 ) 5 0 ( 1 ) 
N ( 1 1 ) 2716 (2) 5 496 (4) 1 1 5 4 ( 2 ) 52 (1) 
C ( 1 2 ) 2234 (2) 5 7 0 0 ( 6 ) 1290 (3) S 4 ( 2 ) 
C ( 1 3 ) 1 9 3 5 ( 2 ) 6 8 1 7 ( 5 ) 1 1 7 9 ( 3 ) 5 7 ( 2 ) 
C { 1 4 ) 2100 (2) 7863 (6) 894 (3) 58 (2 ) 
N ( 1 5 ) 2 5 5 7 ( 2 ) 7 9 9 7 ( 4 ) 7 2 2 ( 2 ) 5 0 ( 1 ) 
C ( 1 6 ) 2 539 (2) 9186 (5) 470 (3) S 9 ( 2 ) 
C ( 1 7 ) 2938 (2) 9 8 0 0 ( 5 ) 285 (3) 58 (2) 
C ( 1 8 ) 3 4 4 1 ( 2 ) 9 3 1 4 ( 5 ) 3 9 2 ( 2 ) 5 4 ( 1 ) 
N ( 1 9 ) 3 5 7 6 ( 2 ) 8095 (4) 603 (2) 51 (1) 
C ( 2 0 ) 4 1 0 7 (2) 8 049 (5) 657 (3) 57 (2 ) 
C ( 2 1 ) 4418 (2) 6964 (6) 8 1 0 ( 3 ) 5 9 ( 2 ) 
C ( 2 2 ) 4 2 0 9 ( 3 ) 5 7 6 6 ( 6 ) 9 2 1 ( 3 ) 6 2 ( 2 ) 
N ( 2 3 ) 3713 (2) 5553 (4 ) 971 (2) 5 0 ( 1 ) 
C ( 2 4 ) 3699 (2) 4234 (5 ) . 1 1 0 3 ( 3 ) 5 4 ( 1 ) 
C ( 2 5 ) 3293 (2) 3 5 8 2 ( 6 ) 1256 (3) 5 5 ( 1 ) 
C ( 2 6 ) 2 8 3 4 ( 2 ) 4 2 1 6 ( 5 ) 1 2 9 7 ( 3 ) 5 7 ( 2 ) 
C ( 3 1 ) 2436 (2) 3 6 2 6 ( 6 ) 1526 (3) 69 (2) 
C ( 3 2 ) 2 0 6 7 (3) 4 5 4 1 ( 6 ) 1528 (3) 71 (2 ) 
C ( 3 3 ) 1 7 7 3 ( 3 ) 8 9 8 8 ( 6 ) 7 2 8 ( 3 ) 6 7 ( 2 ) 
C ( 3 4 ) 2042 (3) 9778 (6) 4S4 (3) 7 0 ( 2 ) 
C ( 3 5 ) 3894 (3) 10014 (S) 308 (3) 71 (2 ) 
C ( 3 6 ) 4294 (3) 9 255 (6) 472 (3) S 8 ( 2 ) 
C ( 3 7 ) 4 5 1 8 ( 3 ) 4 5 9 5 ( 6 ) 1 0 3 1 ( 3 ) 6 9 ( 2 ) 
C ( 3 8 ) 4 196 (3) 3 6 4 6 (6) 1 1 2 8 ( 3 ) 69 (2) 
C ( 4 1 ) 1419 (2) 6842 (5) 1348 (3) 57 (2) 
C ( 4 2 ) 975 (3) 6813 (6) 949 (4) 81 (2) 
C ( 4 3 ) 5 0 3 ( 3 ) 6 8 1 2 ( 8 ) 1 1 0 1 ( 4 ) 9 0 ( 3 ) 
C ( 4 4 ) 454 (3) 6813 (7) 1641 (5) 9 1 ( 3 ) 
C ( 4 5 ) 894 (3) 6836 (7) 2 0 5 5 ( 4 ) 85 (2 ) 
C ( 4 6 ) 1 3 7 0 ( 3 ) 6 8 6 1 ( 6 ) 1 8 9 7 ( 3 ) 68(2) 
C ( 5 1 ) 2 8 3 1 (3) 11090 (6) 1 9 ( 3 ) 7 0 ( 2 ) 
0 ( 5 2 ) 3 1 3 0 ( 2 ) 11900 (5) -85 (3) 1 0 7 ( 2 ) 
C ( 6 1 ) 4982 (3) 7109 (6) 832 (3) S 2 ( 2 ) 
C ( 6 2 ) 5 2 1 7 ( 3 ) 6616 (7) 4 0 8 ( 3 ) 7 5 ( 2 ) 
C ( 6 3 ) 5 7 3 9 ( 3 ) 6 7 7 1 (8) 437 (4) 84 (2) 
C ( 6 4 ) 6034 (3) 7364 (8) 872 (4) 90 (2) 
C ( 6 5 ) 5 8 1 0 ( 3 ) 7859 (10 ) 1293 (4) 9 9 ( 3 ) 
C(66) 5286 (3) 7745 (9) 1269 (3) 85 (2) 
C ( 7 1 ) 3 3 5 5 ( 2 ) 2244 (6) 1435 (3) 61 (2) 
C ( 7 2 ) 3 4 1 1 ( 2 ) 1 1 4 7 ( 5 ) 1 5 9 1 ( 3 ) 6 0 ( 2 ) 
C ( 7 3 ) 3489 (2) -134 (5) 1818 (2) 5 S ( 1 ) 
C ( 7 4 ) 3966 (3) -744 (6) 1886 (3) 69 (2) 
C ( 7 5 ) 4 0 4 5 ( 3 ) - 1 9 7 1 ( 6 ) 2 1 0 7 ( 3 ) 7 5 ( 2 ) 
C ( 7 6 ) 3648 (3) - 2 S 7 5 ( S ) 2 2 6 4 ( 3 ) 7 2 ( 2 ) 
C ( 7 7 ) 3158 (3) -2054 (6) 2 1 9 0 ( 3 ) 71 (2 ) 
C ( 7 8 ) 3079 (3) -832 (6) 1973 (3) 6 8 ( 2 ) 
N ( 7 9 ) 3721 (3) -3915 (6) 2482 (3) 9 7 ( 2 ) 
C ( 8 0 ) 4219 (4) - 4 5 5 7 ( 8 ) 2550 (5) 126 (4) 
C ( 8 1 ) 3325 (4) -4565 (8) 2 7 0 1 ( 4 ) 116 (3) 
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T a b l e 3 • B o n d l e n g t h s [A] a n d a n g l e s [deg] f o r 65. 
N i - N ( 2 3 ) 1 . 9 3 2 ( 4 ) 
‘ N i - N ( 1 9 ) 1 . 9 3 7 ( 5 ) 
N i - N ( l l ) 1 . 9 3 7 ( 5 ) 
N i - N ( 1 5 ) 1 . 9 3 9 ( 5 ) 
N ( 1 1 ) - C ( 2 6 ) 1 . 3 6 3 ( 7 ) 
N ( 1 1 ) - C ( 1 2 ) 1 . 3 8 2 ( 8 ) 
C ( 1 2 ) - C ( 1 3 ) 1 . 3 7 4 ( 8 ) 
C ( 1 2 ) - C ( 3 2 ) l . 4 1 g ( 8 ) 
C ( 1 3 ) - C ( 1 4 ) 1 . 3 8 0 ( 8 ) 
C ( 1 3 ) - C ( 4 1 ) 1 . 4 8 9 ( 9 ) 
C ( 1 4 ) - N ( 1 5 ) 1 . 3 5 2 (8) 
C ( 1 4 ) - C ( 3 3 ) 1 . 4 3 7 ( 8 ) 
N ( 1 5 ) - C ( 1 6 ) 1 . 3 4 7 ( 7 ) 
C ( 1 6 ) - C ( 1 7 ) 1 . 3 6 6 ( 9 ) 
C ( 1 6 ) - C ( 3 4 ) 1 . 4 3 2 ( 9 ) 
C ( 1 7 ) - C ( 1 8 ) 1 . 3 8 7 ( 8 ) 
C ( 1 7 ) - C ( 5 1 ) 1 . 4 6 2 (8) 
C ( 1 8 ) - N ( 1 9 ) 1 . 3 5 9 ( 7 ) 
C ( 1 8 ) - C ( 3 5 ) 1 . 4 3 2 ( 9 ) 
N ( 1 9 ) - C ( 2 0 ) 1 . 3 7 6 (8) 
C ( 2 0 ) - C ( 2 1 ) 1 . 3 7 7 ( 8 ) 
C { 2 0 ) - C ( 3 6 ) 1 . 4 2 3 (8) 
C ( 2 1 ) - C ( 2 2 ) 1 . 3 8 2 ( 8 ) 
C ( 2 1 ) - C ( 6 1 ) 1 . 4 7 8 (9) 
C ( 2 2 ) - N ( 2 3 ) 1 . 3 4 9 ( 8 ) 
C ( 2 2 ) - C ( 3 7 ) 1 . 4 3 3 ( 8 ) 
N ( 2 3 ) - C ( 2 4 ) 1 . 3 7 8 ( 7 ) 
C ( 2 4 ) - C ( 2 5 ) 1 . 3 6 4 (8) 
C ( 2 4 ) - C ( 3 8 ) 1 . 4 2 5 (8) 
C ( 2 5 ) - C ( 2 6 ) 1 . 3 8 6 (8) 
C ( 2 5 ) - C ( 7 1 ) 1 . 4 2 5 ( 8 ) 
C ( 2 6 ) - C ( 3 1 ) 1 . 4 0 6 ( 8 ) 
C ( 3 1 ) - C ( 3 2 ) 1 . 3 4 2 ( 9 ) 
C ( 3 3 ) - C ( 3 4 ) 1 . 3 1 4 ( 9 ) 
C ( 3 5 ) - C ( 3 6 ) 1 . 3 0 1 ( 9 ) 
C ( 3 7 ) - C ( 3 8 ) 1 . 3 3 0 (9) 
C ( 4 1 ) - C ( 4 6 ) 1 . 3 5 9 ( 1 0 ) 
C ( 4 1 ) - C ( 4 2 ) 1 . 3 6 7 ( 1 0 ) 
C ( 4 2 ) - C ( 4 3 ) 1 . 3 5 9 ( 1 1 ) 
C ( 4 3 ) - C ( 4 4 ) 1 . 3 3 7 ( 1 3 ) 
C ( 4 4 ) - C ( 4 5 ) 1 . 3 7 8 ( 1 2 ) 
C ( 4 5 ) - C ( 4 6 ) 1 . 3 7 6 ( 1 0 ) 
C ( 5 1 ) - 0 ( 5 2 ) 1 . 1 9 8 ( 8 ) 
C ( 6 1 ) - C { 6 6 ) 1 . 3 6 3 (10) 
C ( 6 1 ) - C ( 6 2 ) 1 . 3 8 6 (10) 
C ( 6 2 ) - C ( 6 3 ) 1 . 3 7 0 (10) 
C ( 6 3 ) - C ( 6 4 ) 1 . 3 2 7 ( 1 2 ) 
C ( 6 4 ) - C ( 6 5 ) 1 . 3 6 5 (12) 
C ( 6 5 ) - C ( 6 6 ) 1 . 3 6 9 ( 1 0 ) 
C ( 7 1 ) - C ( 7 2 ) 1 . 1 7 5 ( 8 ) 
C ( 7 2 ) - C ( 7 3 ) 1 . 4 1 1 ( 8 ) 
C ( 7 3 ) - C ( 7 4 ) 1 . 3 7 8 ( 9 ) 
C ( 7 3 ) - C ( 7 8 ) 1 . 3 9 7 ( 9 ) 
C { 7 4 ) - C ( 7 5 ) 1 . 3 5 5 (8) 
C ( 7 5 ) - C ( 7 6 ) 1 . 3 7 6 (10) 
C ( 7 6 ) - N { 7 9 ) 1 . 3 6 3 ( 8 ) 
C ( 7 6 ) - C ( 7 7 ) 1 . 4 1 2 ( 1 0 ) 
C ( 7 7 ) - C ( 7 8 ) 1 . 3 4 7 ( 9 ) 
N ( 7 9 ) - C ( 8 1 ) 1 . 4 1 9 ( 1 1 ) 
N ( 7 9 ) - C ( 8 0 ) 1 . 4 4 0 (11) 
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N ( 2 3 ) - N i - N ( 1 9 ) 8 9 . 7 ( 2 ) 
N ( 2 3 ) - N i - N ( l l ) 9 0 . 0 ( 2 ) 
N { 1 9 ) - N i - N ( l l ) 1 7 7 . 0 ( 2 ) 
N ( 2 3 ) - N i - N ( 1 5 ) 1 7 8 . 2 ( 2 ) 
N ( 1 9 ) - N i - N ( 1 5 ) 9 0 . 2 (2) 
N ( 1 1 ) - N i - N ( 1 5 ) 9 0 . 3 (2) 
C ( 2 6 ) - N ( 1 1 ) - C ( 1 2 ) 1 0 4 . 7 ( 5 ) 
C ( 2 6 ) - N ( 1 1 ) - N i 1 2 8 . 2 ( 4 ) 
C ( 1 2 ) - N ( 1 1 ) - N i 1 2 7 . 1 ( 4 ) 
C ( 1 3 ) - C ( 1 2 ) - N ( 1 1 ) 1 2 6 . 1 ( 5 ) 
C ( 1 3 ) - C ( 1 2 ) - C ( 3 2 ) 1 2 3 . S ( S ) 
N ( 1 1 ) - C ( 1 2 ) - C ( 3 2 ) 1 1 0 . 1 ( 5 ) 
C ( 1 2 ) - C ( 1 3 ) - C ( 1 4 ) 1 2 0 . 7 ( 6 ) 
C ( 1 2 ) - C ( 1 3 ) - C ( 4 1 ) 1 1 8 . 3 ( 5 ) 
C ( 1 4 ) - C ( 1 3 ) - C ( 4 1 ) 1 2 0 . 9 ( 5 ) 
N ( 1 5 ) - C ( 1 4 ) - C ( 1 3 ) 1 2 8 . 0 ( 5 ) 
N ( 1 5 ) - C ( 1 4 ) - C ( 3 3 ) 1 1 0 . 4 ( 5 ) 
C ( 1 3 ) - C ( 1 4 ) - C ( 3 3 ) 1 2 1 . 6 ( 6 ) 
C ( l S ) - N ( 1 5 ) - C ( 1 4 ) 1 0 5 . 9 ( 5 ) 
C ( 1 6 ) - N ( 1 5 ) - N i 1 2 7 . 2 (4) 
C ( 1 4 ) - N ( 1 5 ) - N i 1 2 6 . 7 (4) 
N { 1 5 ) - C ( 1 6 ) - C ( 1 7 ) 1 2 6 . 5 ( 5 ) 
N ( 1 5 ) - C ( 1 6 ) - C ( 3 4 ) 1 0 9 . 5 ( 6 ) 
C ( 1 7 ) - C ( 1 6 ) - C ( 3 4 ) 1 2 3 . 9 ( 5 ) 
C ( 1 6 ) - C ( 1 7 ) - C ( 1 8 ) 1 2 2 . 6 (5) 
C ( 1 6 ) - C ( 1 7 ) - C ( 5 1 ) 1 1 7 . 4 ( 6 ) 
C ( 1 8 ) - C ( 1 7 ) - C ( 5 1 ) 1 1 9 . 7 ( 6 ) 
. N ( 1 9 ) - C ( 1 8 ) - C ( 1 7 ) 1 2 4 . 3 (5) 
N ( 1 9 ) - C ( 1 8 ) - C ( 3 5 ) 1 1 0 . 0 ( 5 ) 
C ( 1 7 ) - C ( 1 8 ) - C ( 3 5 ) 1 2 5 . 7 ( 5 ) 
C ( 1 8 ) - N ( 1 9 ) - C ( 2 0 ) 1 0 4 . 6 ( 5 ) 
C ( 1 8 ) - N ( 1 9 ) - N i 1 2 8 . 3 ( 4 ) 
C ( 2 0 ) - N ( 1 9 ) - N i 126 . 8 (4) 
N ( 1 9 ) - C ( 2 0 ) - C ( 2 1 ) 1 2 6 . 0 (5) 
N ( 1 9 ) - C ( 2 0 ) - C ( 3 6 ) 1 1 0 . 3 ( 5 ) 
C ( 2 1 ) - C ( 2 0 ) - C ( 3 6 ) 123 .4 (6) 
C ( 2 0 ) - C ( 2 1 ) - C ( 2 2 ) 1 2 1 . 2 (6) 
C ( 2 0 ) - C ( 2 1 ) - C ( 6 1 ) 1 1 7 . 8 ( 5 ) 
C ( 2 2 ) - C ( 2 1 ) - C ( 6 1 ) 1 2 1 . 0 ( 5 ) 
N ( 2 3 ) - C ( 2 2 ) - C ( 2 1 ) 1 2 5 . 9 ( 5 ) 
N ( 2 3 ) - C ( 2 2 ) - C ( 3 7 ) 1 1 1 . 8 ( 5 ) 
C ( 2 1 ) - C ( 2 2 ) - C ( 3 7 ) 1 2 2 . 3 (6) 
C ( 2 2 ) - N ( 2 3 ) - C ( 2 4 ) 1 0 4 . 2 ( 4 ) 
C ( 2 2 ) - N ( 2 3 ) - N i 1 2 8 . 6 (4) 
C ( 2 4 ) - N ( 2 3 ) - N i 1 2 7 . 2 (4) 
C ( 2 5 ) - C ( 2 4 ) - N ( 2 3 ) 1 2 6 . 2 ( 5 ) 
C ( 2 5 ) - C ( 2 4 ) - C ( 3 8 ) 122 . 8 (6) 
N ( 2 3 ) - C ( 2 4 ) - C ( 3 8 ) 1 1 0 . 5 ( 5 ) 
C ( 2 4 ) - C ( 2 5 ) - C ( 2 6 ) 1 2 2 . 0 (6) 
C ( 2 4 ) - C ( 2 5 ) - C ( 7 1 ) 1 1 9 . 8 ( 5 ) 
C ( 2 6 ) - C ( 2 5 ) - C ( 7 1 ) 1 1 7 . 9 ( 6 ) 
N ( 1 1 ) - C ( 2 6 ) - C ( 2 5 ) 1 2 5 . 4 (5) 
N ( 1 1 ) - C ( 2 6 ) - C ( 3 1 ) 1 1 1 . 0 ( 5 ) 
C ( 2 5 ) - C ( 2 6 ) - C ( 3 1 ) 1 2 3 . 5 ( 6 ) 
C ( 3 2 ) - C ( 3 1 ) - C ( 2 6 ) 1 0 7 . 3 (5) 
C ( 3 1 ) - C ( 3 2 ) - C ( 1 2 ) 106 . 9 (6) 
C ( 3 4 ) - C ( 3 3 ) - C ( 1 4 ) 1 0 5 . 9 (6) 
C ( 3 3 ) - C ( 3 4 ) - C ( 1 6 ) 1 0 8 . 1 ( 5 ) 
C { 3 6 ) - C ( 3 5 ) - C ( 1 8 ) 1 0 7 . 8 (5) 
C ( 3 5 ) - C ( 3 6 ) - C ( 2 0 ) 1 0 7 . 3 (6) 
C ( 3 8 ) - C ( 3 7 ) - C ( 2 2 ) 1 0 6 . 1 ( 6 ) 
C ( 3 7 ) - C ( 3 3 ) - C ( 2 4 ) 1 0 7 . 3 (6) 
C ( 4 6 ) - C ( 4 1 ) - C ( 4 2 ) 1 1 7 . 8 ( 7 ) 
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C ( 4 6 ) - C ( 4 1 ) - C ( 1 3 ) 1 2 2 . 1 ( 6 ) 
C ( 4 2 ) - C ( 4 1 ) - C ( 1 3 ) 1 2 0 . 1 ( 7 ) 
C ( 4 3 ) - C ( 4 2 ) - C ( 4 1 ) 1 2 0 . 4 ( 8 ) 
C ( 4 4 ) - C ( 4 3 ) - C ( 4 2 ) 1 2 1 . 8 ( 8 ) 
C ( 4 3 ) - C ( 4 4 ) - C ( 4 5 ) 1 1 9 . 4 ( 8 ) 
C ( 4 6 ) - C ( 4 5 ) - C ( 4 4 ) 1 1 8 . 3 ( 8 ) 
‘ C ( 4 1 ) - C ( 4 6 ) - C ( 4 5 ) 1 2 2 . 3 ( 7 ) 
0 ( 5 2 ) - C ( 5 1 ) - C ( 1 7 ) 1 2 9 . 0 ( 7 ) 
C ( 6 6 ) - C ( 6 1 ) - C ( 6 2 ) 1 1 8 . 0 ( 7 ) 
C ( 6 6 ) - C ( 6 1 ) - C ( 2 1 ) 1 2 0 . 7 ( 7 ) 
C ( 6 2 ) - C ( 6 1 ) - C ( 2 1 ) 1 2 1 . 3 ( 7 ) 
C ( 6 3 ) - C ( 6 2 ) - C ( 6 1 ) 1 2 0 . 2 ( 8 ) 
C ( 6 4 ) - C ( 6 3 ) - C ( 6 2 ) 1 2 1 . 3 ( 8 ) 
C { 6 3 ) - C ( 6 4 ) - C ( 6 5 ) 1 1 9 . 4 ( 8 ) 
C ( 6 4 ) - C ( 6 5 ) - C ( 6 6 ) 1 2 0 . 6 ( 9 ) 
C ( 6 1 ) - C ( 6 6 ) - C ( S 5 ) 1 2 0 . 5 ( 8 ) 
C ( 7 2 ) - C ( 7 1 ) - C ( 2 5 ) 1 7 8 . 9 ( 6 ) 
C ( 7 1 ) - C ( 7 2 ) - C ( 7 3 ) 1 7 5 . 8 ( 7 ) 
C ( 7 4 ) - C ( 7 3 ) - C ( 7 8 ) 1 1 8 . 0 ( 6 ) 
C ( 7 4 ) - C ( 7 3 ) - C { 7 2 ) 1 2 1 . 3 ( 6 ) 
C ( 7 8 ) - C ( 7 3 ) - C ( 7 2 ) 1 2 0 . 7 ( 6 ) 
C ( 7 5 ) - C ( 7 4 ) - C ( 7 3 ) 1 2 1 . 7 ( 7 ) 
C ( 7 4 ) - C ( 7 5 ) - C ( 7 S ) 1 2 1 . 4 ( 7 ) 
N ( 7 9 ) - C ( 7 6 ) - C ( 7 5 ) 1 2 2 . 0 ( 7 ) 
N ( 7 9 ) - C ( 7 6 ) - C ( 7 7 ) 1 2 1 . 1 ( 7 ) 
C ( 7 5 ) - C ( 7 6 ) - C ( 7 7 ) 1 1 6 . 9 ( 6 ) 
C ( 7 8 ) - C ( 7 7 ) - C ( 7 6 ) 1 2 1 . 8 ( 7 ) 
C ( 7 7 ) - C ( 7 8 ) - C ( 7 3 ) 1 2 0 . 2 ( 7 ) 
C ( 7 6 ) - N ( 7 9 ) - C ( 8 1 ) 1 2 1 . 2 ( 7 ) 
C(76)-N(79)-C(80) 1 2 1 . 1 ( 8 ) 
C ( 8 1 ) - N ( 7 9 ) - C ( 8 0 ) 1 1 7 . 4 (7) 
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T a b l e 4 . A n i s o t r o p i c d i s p l a c e m e n t p a r a m e t e r s (A^2 x 1 0 ^ 3 ) f o r 65 . 
T h e a n i s o t r o p i c d i s p l a c e m e n t f a c t o r e x p o n e n t t a k e s t h e f o rm： 
-2 p i " 2 [ h " 2 a * " 2 U l l + … + 2 h k a * b * U12 ] 
U l l U22 U3 3 U23 U13 U12 
N i 65 (1) 2 7 ( 1 ) 5 6 ( 1 ) 3 ( 1 ) S ( 1 ) 4 ( 1 ) 
N ( 1 1 ) 5 6 ( 3 ) 33 (2) 65 (3 ) 4 ( 2 ) 8 ( 2 ) 2 (2 ) 
C ( 1 2 ) 69 (4 ) 48 (4) 72 (4 ) 1 2 ( 3 ) 6{2) - 8 ( 3 ) 
C ( 1 3 ) 5 8 ( 3 ) 4 6 ( 4 ) 64 (4) 3 ( 2 ) 8 ( 3 ) - 3 ( 2 ) 
C ( 1 4 ) 6 0 ( 4 ) 3 8 ( 3 ) 7 2 ( 4 ) 1 0 ( 3 ) 2 ( 3 ) 8 ( 2 ) 
N ( 1 5 ) S 3 ( 3 ) 3 3 ( 2 ) S 2 ( 3 ) 3 ( 2 ) 1 1 ( 2 ) 1 ( 2 ) 
C ( 1 6 ) 7 7 ( 4 ) 30 (3) 6 5 ( 4 ) 3 ( 2 ) 4 ( 3 ) 9 ( 2 ) 
C ( 1 7 ) 7 5 ( 4 ) 3 3 ( 3 ) 6 5 ( 4 ) 8 ( 2 ) 1 2 ( 3 ) 1 1 ( 2 ) 
C ( 1 8 ) 6 7 ( 4 ) 3 8 ( 3 ) 58 (4 ) 6 ( 2 ) 1 2 ( 3 ) 7 ( 2 ) 
N ( 1 9 ) 7 4 ( 3 ) 2 8 ( 2 ) 4 9 ( 3 ) 3 ( 2 ) 1 0 ( 2 ) 1 ( 2 ) 
C ( 2 0 ) 6 7 ( 4 ) 3 7 ( 3 ) 6 9 ( 4 ) 3 ( 2 ) 1 9 ( 3 ) 2 (2 ) 
C ( 2 1 ) S 5 ( 4 ) 4 3 ( 3 ) 64 (4 ) - 2 ( 3 ) 3 ( 3 ) - 2 ( 2 ) 
C ( 2 2 ) 7 3 ( 4 ) 3 9 ( 3 ) 7 2 ( 4 ) 7 ( 3 ) 1 1 ( 3 ) 1 2 ( 3 ) 
N ( 2 3 ) 5 9 ( 3 ) 3 2 ( 2 ) 5 7 ( 3 ) 2 ( 2 ) 6 (2) 5 ( 2 ) 
C ( 2 4 ) 6 8 ( 4 ) 2 8 ( 3 ) 6 7 ( 4 ) 1 ( 2 ) 1 3 ( 3 ) 8 ( 2 ) 
C ( 2 5 ) 6 6 ( 4 ) 3 6 ( 3 ) 5 7 ( 3 ) 1 ( 2 ) - 3 ( 3 ) 2 ( 2 ) 
C ( 2 6 ) 5 5 ( 3 ) 3 S ( 3 ) 76 (4) 1 1 ( 3 ) 3 ( 3 ) 1 ( 2 ) 
C ( 3 1 ) 6 8 ( 4 ) 3 2 ( 3 ) 105 (5) 20 (3) 1 1 ( 4 ) 1 ( 3 ) 
C ( 3 2 ) 7 2 ( 4 ) 45 (4) 99 (5) l S ( 3 ) 2 3 ( 4 ) - 1 ( 3 ) 
C ( 3 3 ) 7 3 ( 4 ) 4 4 ( 4 ) 8 2 ( 5 ) 1 2 ( 3 ) 1 4 ( 3 ) 1 7 ( 3 ) 
C ( 3 4 ) 8 3 ( 5 ) 3 9 ( 4 ) 8 6 ( 5 〉 1 8 ( 3 ) 1 3 ( 4 ) 1 8 ( 3 ) 
C ( 3 5 ) 9 1 ( 5 ) 3 2 ( 3 ) 9 2 ( 5 ) 1 6 ( 3 ) 2 5 ( 4 ) 1 ( 3 ) 
C ( 3 6 ) 8 0 ( 4 ) 4 4 ( 4 ) 8 3 ( 5 ) 1 0 ( 3 ) 2 7 ( 4 ) 3 ( 3 ) 
C ( 3 7 ) 7 6 ( 4 ) 4 5 ( 4 ) 8 6 ( 5 ) 1 3 ( 3 ) 1 2 ( 4 ) 1 5 ( 3 ) 
C ( 3 8 ) 7 2 ( 4 ) 3 8 ( 3 ) 96 (5) 8 ( 3 ) 1 0 ( 4 ) 1 0 ( 3 ) 
C ( 4 1 ) 64 (4) 4 1 ( 3 ) 64 (4) 6 ( 2 ) 3 ( 3 ) 7 ( 2 ) 
C ( 4 2 ) 7 5 ( 5 ) 7 2 ( 5 ) 91 (6) - 8 ( 4 ) 3 ( 4 ) 0 ( 3 ) 
C ( 4 3 ) 6 9 ( 5 ) 81 (6) 1 1 4 ( 8 ) 7 ( 4 ) 2 ( 5 ) 3 ( 3 ) 
C ( 4 4 ) S l ( 5 ) 85 (6) 126 (8) 3 2 ( 5 ) 1 7 ( 5 ) l S ( 3 ) 
C ( 4 5 ) 8 7 ( 6 ) 79 {6) 95 (6) 2 1 ( 4 ) 29 (5) 9 (4 ) 
C ( 4 6 ) 6 2 ( 4 ) 5 2 ( 4 ) 8 6 ( 5 ) 4 ( 3 ) 6 (3) 6 ( 3 ) 
C ( 5 1 ) 8 7 ( 5 ) 4 5 ( 4 ) 8 1 ( 5 ) 1 5 ( 3 ) 2 4 ( 4 ) 1 8 ( 3 ) 
0 ( 5 2 ) 1 1 2 ( 4 ) 5 9 ( 3 ) 164 (6) 5 5 ( 3 ) 6 5 ( 4 ) 28 (3 ) 
C ( 5 1 ) 7 7 ( 4 ) 4 7 ( 3 ) 6 2 ( 4 ) 15 ( 3〉 16 (3) 3 ( 3 ) 
C ( 6 2 ) 7 8 ( 5 ) 70 (5) 7 7 ( 5 ) 2 ( 3 ) 1 2 ( 4 ) - 1 ( 3 ) 
C { 6 3 ) 7 4 ( 5 ) 90 (6) 96 (6) 2 ( 4 ) 3 3 ( 4 ) 7 ( 4 〉 
C ( 6 4 ) 7 1 ( 5 ) 9G (6 ) 104 (7) 28 (5) 1 9 ( 5 ) -6 (4 ) 
C ( 6 5 ) 7 1 ( 5 ) 1 3 8 ( 8 ) 85 {6) 10 (5) 4 ( 4 ) - 3 1 ( 5 ) 
C ( 6 6 ) 7 9 ( 5 ) 1 1 1 ( 6 ) 6 4 ( 4 ) 2 ( 4 ) 1 2 ( 4 ) -26 (4 ) 
C ( 7 1 ) 6 3 ( 4 ) 3 9 ( 4 ) 7 8 ( 4 ) - 3 ( 3 ) 1 0 ( 3 ) 2 ( 2 ) 
C ( 7 2 ) 7 4 ( 4 ) 3 5 ( 3 ) 7 2 ( 4 ) 3 ( 3 ) l S ( 3 ) 7 ( 3 ) 
C ( 7 3 ) 7 7 ( 4 ) 3 4 ( 3 ) 5 S ( 3 ) - 3 ( 2 ) 9 (3) 2 ( 2 ) 
C ( 7 4 ) 9 1 ( 5 ) 4 2 ( 4 ) 7 5 ( 4 ) 6 (3) 2 2 ( 4 ) 8 ( 3 ) 
C ( 7 5 ) 9 9 ( 5 ) S l ( 4 ) 7 1 ( 5 ) 4 ( 3 ) 5 ( 4 ) 2 1 ( 3 ) 
C ( 7 6 ) 113 (6) 3 5 ( 4 ) 69 (4) 5 ( 3 ) 1 8 ( 4 ) 3 ( 3 ) 
C ( 7 7 ) 8 7 ( 5 ) 4 8 ( 4 ) 7 9 ( 5 ) 1 ( 3 ) 2 0 ( 4 ) - 1 4 ( 3 ) 
C ( 7 8 ) 8 4 ( 5 ) 38 (4) 8 0 ( 5 ) - 4 ( 3 ) 1 1 ( 4 ) 1 ( 3 ) 
N ( 7 9 ) 1 4 3 ( 6 ) 4 8 ( 4 ) 9 9 ( 5 ) 2 3 ( 3 ) 1 7 ( 4 ) 1 7 ( 4 ) 
C ( 8 0 ) 1 8 7 ( 1 1 ) 5 8 ( S ) 1 2 4 ( 8 ) 1 4 ( 5 ) 1 1 ( 7 ) 37 (6) 
C ( 8 1 ) 1 7 7 ( 1 0 ) 5 8 ( 5 ) 1 1 1 ( 7 ) 20 (5) 2 2 ( 7 ) -10 (5) 
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T a b l e 5 . H y d r o g e n c o o r d i n a t e s ( x 1 0 " 4 ) a n d i s o t r o p i c 
d i s p l a c e m e n t p a r a m e t e r s {A^2 x 1 0 ^ 3 ) f o r 65 . 
X y z U ( e q ) 
H { 3 1 ) 2 4 3 1 (2) 2762 (6) 1652 (3) 83 
H ( 3 2 ) 1 7 5 9 ( 3 ) 4434 (6) 1660 (3) 85 
H ( 3 3 ) 1 4 3 9 ( 3 ) 9 1 2 7 ( 6 ) 7 9 4 ( 3 ) 80 
H ( 3 4 ) 1930 (3) 1 0 5 8 4 ( 6 ) 3 0 1 ( 3 ) 83 
H ( 3 5 ) 3900 (3) 10860 (6) 162 (3) 85 
H ( 3 6 ) 4 6 3 9 (3) 9463 (6) 4 6 8 ( 3 ) 81 
H ( 3 7 ) 4 8 7 1 ( 3 ) 4514 (6) 1 0 3 5 ( 3 ) 83 
H { 3 8 ) 4 2 8 1 ( 3 ) 2764 (6) 1 1 9 8 ( 3 ) 83 
H ( 4 2 ) 996 (3) 6795 (6) 570 (4) 97 
H ( 4 3 ) 2 0 5 ( 3 ) 6810 (8) 8 2 3 ( 4 ) 108 
H ( 4 4 ) 1 2 7 ( 3 ) 6799 (7) 1735 (5) 109 
H ( 4 5 ) 869 (3) 6835 (7) 2 4 3 3 ( 4 ) 102 
H ( 4 6 ) 1668 (3) 6892 (6) 2 1 7 4 ( 3 ) 81 
H ( 5 1 ) 2 4 8 1 ( 3 ) 1 1 3 1 3 ( 6 ) - 8 3 ( 3 ) 84 
H ( 6 2 ) 5 0 1 9 ( 3 ) 6 179 (7) 1 0 4 ( 3 ) 90 
H ( 6 3 ) 5 8 9 1 ( 3 ) 6 4 5 4 ( 8 ) 146 (4) 101 
H ( 6 4 ) 6390 (3) 7 4 4 1 ( 8 ) 891 (4) 108 
H ( 6 5 ) 6 0 1 4 ( 3 ) 8 2 7 8 ( 1 0 ) 1 5 9 8 ( 4 ) 119 
H ( 6 6 ) 5137 (3) 8105 (9) 1554 (3) 102 
H ( 7 4 ) 4 2 4 1 (3) -302 (6) 1 7 7 7 ( 3 ) 82 
H ( 7 5 ) 4 3 7 5 ( 3 ) -2344 (6) 2 1 5 4 ( 3 ) 91 
H ( 7 7 ) 2882 (3) -2500 (6) 2293 (3) 85 
H ( 7 8 ) 2 7 5 1 (3) - 451 (6) 1926 (3) 81 
H ( 8 0 A ) 4 2 4 6 ( 1 1 ) - 5 0 1 7 ( 5 7 ) 2 2 1 0 ( 1 1 ) 151 
H ( 8 0 B ) 4254 (12) -5172 (50 ) 2855 (19) 151 
H ( 8 0 C ) 4 4 8 9 ( 4 ) -3908 (11 ) 2630 (29 ) 151 
H ( 8 1 A ) 3 4 7 7 ( 5 ) - 5 2 2 6 (43 ) 2966 (20) 139 
H ( 8 1 B ) 3 0 8 7 ( 1 4 ) - 4 9 7 4 ( 5 3 ) 2400 (5) 139 
H ( 8 1 C ) 3142 (17) -3935 (13 ) 2 8 8 7 ( 2 4 ) 139 
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T a b l e 6 
L e a s t s q u a r e s p l a n e s f o r 6 5 ^ d e v i a t i o n s i n A 
P l a n e t h r o u g h t h e p o r p h y r i n s k e l e t o n 
N i - 0 . 0 5 6 
N ( 1 1 ) 0 . 0 1 
C ( 1 2 ) 0 . 2 3 
C ( 1 3 ) 0 . 2 8 
C ( 1 4 0 . 0 8 
N ( 1 5 ) - 0 . 1 1 
C ( 1 6 ) - 0 . 2 5 
C ( 1 7 ) - 0 . 3 1 
C ( 1 8 ) - 0 . 1 0 
N ( 1 9 ) - 0 . 0 2 
C ( 2 0 ) 0 . 2 4 
C ( 2 1 ) 0 . 2 9 
C ( 2 2 ) 0 . 0 5 
N ( 2 3 ) - 0 . 0 6 
C ( 2 4 ) - 0 . 2 4 
C ( 2 5 ) - 0 . 2 6 
C ( 2 6 ) - 0 . 0 9 
C ( 3 1 ) 0 . 0 8 
C ( 3 2 ) 0 . 2 9 
C ( 3 3 ) 0 . 0 1 
C ( 3 4 ) - 0 . 2 1 
C ( 3 5 ) 0 . 1 0 
C ( 3 6 ) 0 . 3 1 
C ( 3 7 ) - 0 . 0 2 
C ( 3 8 ) - 0 . 2 4 
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Appendix B-2 Crystal data for 76 
T a b l e 1 . C r y s t a l d a t a a n d s t r u c t u r e r e f i n e m e n t f o r 7 6 . 
E m p i r i c a l f o r m u l a C90 H62 N10 N i 2 02 
F o r m u l a w e i g h t 1 4 3 2 . 9 2 
T e m p e r a t u r e 293 (2) K 
W a v e l e n g t h 0 . 7 1 0 7 3 A 
C r y s t a l s y s t e m o r t h o r h o m b i c 
S p a c e g r o u p P b c a 
U n i t c e l l d i m e n s i o n s a = 2 7 . 0 2 ( 2 ) A 
b = 8 . 6 7 9 ( 9 ) A 
c = 3 5 . 2 5 (3) A 
V o l u m e 8 2 6 8 ( 1 3 ) A " 3 
Z 4 
D e n s i t y ( c a l c u l a t e d ) 1 . 1 5 1 Mg/tn"3 
A b s o r p t i o n c o e f f i c i e n t 0 . 5 0 7 mm^-1 
F ( 0 0 0 ) 2 9 7 6 
C r y s t a l s i z e 0 . 4 0 * 0 . 2 5 * 0 . 2 0 mm 
T h e t a r a n g e f o r d a t a c o l l e c t i o n 2 . 7 2 t o 2 6 . 1 1 d e g . 
I n d e x r a n g e s - 3 0 < = h < = 2 9 , 0 < = k < = 1 0 , - 4 2 < = l < = 4 3 
R e f l e c t i o n s c o l l e c t e d 17792 
I n d e p e n d e n t r e f l e c t i o n s 6639 [ R ( i n t ) = 0 . 0817] 
W e i g h t i n g Scheme 0 . 13 7 , 20 . 002 
D a t a / r e s t r a i n t s / p a r a m e t e r s 6630 / 0 / 488 
G o o d n e s s - o f - f i t o n F^2 1 . 0 4 2 
F i n a l R i n d i c e s [ I > 2 s i g m a ( I ) ] R1 = 0 . 0 9 8 1 , wR2 = 0 . 2 5 3 7 
R i n d i c e s ( a l l d a t a ) R1 = 0 . 1 5 6 7 , wR2 = 0 . 3 2 8 8 
E x t i n c t i o n c o e f f i c i e n t 0 . 0 0 0 0 ( 3 ) 
L a r g e s t d i f f . p e a k a n d h o l e 0 . 7 6 1 a n d -0 . 343 e . A ^ - 3 
* W e i g h t i n g s cheme w = 1 / (c^ (F^^) + (aP) ^ + b P ) , w h e r e P = {F^' + 2 F / ) / 3 
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T a b l e 2 . A t o m i c c o o r d i n a t e s ( x 1 0 " 4 ) a n d e q u i v a l e n t i s o t r o p i c 
d i s p l a c e m e n t p a r a m e t e r s (A "2 x 1 0 " 3 ) f o r 76 , U ( e q ) i s d e f i n e d 
a s o n e t h i r d o f t h e t r a c e o f t h e o r t h o g o n a l i z e d U i j t e n s o r . 
X y 2 U ( e q ) 
N i 1 3 1 8 ( 1 ) 1 9 8 1 ( 1 ) 809 (1) 56 (1) 
N ( 1 1 ) 1289 (2) 1 7 2 9 ( 7 ) 2 7 0 ( 2 ) 4 9 ( 2 ) 
C ( 1 2 ) 1 4 8 7 ( 3 ) 2 6 8 1 ( 1 1 ) 4 ( 3 ) 6 5 ( 2 ) 
C ( 1 3 ) 1808 (3) 3914 (11 ) 7 1 ( 3 ) S 7 ( 2 ) 
C ( 1 4 ) 2008 (3) 4 1 2 2 ( 1 1 ) 4 2 9 ( 3 ) 69 (2 ) 
N ( 1 5 ) 1 8 7 7 ( 2 ) 3 3 6 7 ( 8 } 7 5 7 ( 2 ) 5 7 ( 2 ) 
C ( 1 6 ) 2 2 1 3 ( 3 ) 3744 (11 ) 1 0 2 3 ( 3 ) 6 7 ( 2 ) 
C ( 1 7 ) 2 1 9 1 (3) 3 3 7 0 ( 1 0 ) 1 4 0 3 ( 3 ) S 3 ( 2 ) 
C ( 1 8 ) 1 7 4 3 ( 3 ) 2 7 7 4 ( 1 0 ) 1560 (3) S 4 ( 2 ) 
N ( 1 9 ) 1 3 5 5 ( 2 ) 2 1 9 5 ( 7 ) 1348 (2) S 0 ( 2 ) 
C ( 2 0 ) 984 (3) 1 9 1 1 ( 1 0 ) . 1617 (2) 5 8 ( 2 ) 
C ( 2 1 ) 5 4 5 ( 3 ) 1 1 5 2 ( 1 0 ) 1534 (2) S 2 ( 2 ) 
C ( 2 2 ) 4 5 5 ( 3 ) 5 0 4 ( 1 0 ) 1 1 7 8 ( 2 ) S 3 ( 2 ) 
N ( 2 3 ) 7 5 4 ( 2 ) 644 (8) 864 (2) 5 6 ( 2 ) 
C ( 2 4 ) 5 5 7 ( 3 ) - 3 2 7 ( 9 ) 599 {3) 5 8 ( 2 ) 
C ( 2 5 ) 7 0 7 ( 3 ) - 4 3 8 ( 1 0 ) 2 2 3 ( 2 ) 5 9 ( 2 ) 
C ( 2 6 ) 1 0 4 3 ( 3 ) 638 (10 ) 68 (2) 5 8 ( 2 ) 
C ( 3 1 ) 1090 (3) 8 7 5 ( 1 1 ) - 3 3 2 ( 2 ) 6 8 ( 2 ) 
C ( 3 2 ) 1 3 6 1 ( 3 ) 2 1 7 7 ( 1 2 ) - 3 7 5 ( 2 ) 7 0 ( 3 ) 
C ( 3 3 ) 2 4 4 1 ( 4 ) 5085 (11 ) 5 1 7 ( 3 ) 8 0 ( 3 ) 
C ( 3 4 ) 2 5 7 4 ( 3 ) 4 7 9 4 ( 1 1 ) 8 6 7 ( 3 ) 7 1 ( 3 ) 
C ( 3 5 ) 1608 (4) 2 8 9 5 ( 1 2 ) 1951 (3) 8 0 ( 3 ) 
C ( 3 6 ) 1142 (4) 2 395 (13 ) 1979 (3) 81 (3) 
C ( 3 7 ) S 3 ( 3 ) - 5 8 1 ( 1 2 ) 1 1 0 4 ( 3 ) 7 3 ( 3 ) 
C ( 3 8 ) 1 2 8 ( 3 ) - 1 1 1 1 (11 ) 753 (3) 67 (2) 
C ( 4 1 ) 1946 (4) 4 9 3 7 ( 1 2 ) -260 (3) 7 5 ( 3 ) 
C ( 4 2 ) 2 4 0 3 ( 4 ) 4 8 5 1 ( 1 5 ) - 4 3 7 ( 3 ) 9 9 ( 3 ) 
C ( 4 3 ) 2494 (5) 5 7 1 8 ( 2 0 ) - 7 5 7 ( 3 ) 120 (5) 
C ( 4 4 ) 2 1 5 9 ( 6 ) 6646 (16 ) - 9 0 6 ( 4 ) 1 1 3 ( 4 ) 
C ( 4 5 ) 1691 (5) 6 8 0 1 ( 1 5 ) -736 (4) 1 1 5 ( 4 ) 
C ( 4 6 ) 1593 (4) 5902 (14) -415 (4) 101 (4) 
C ( 5 1 ) 2 6 2 1 (4) 3693 (12 ) 1643 (3) 7 8 ( 3 ) 
C ( 5 2 ) 2 7 5 7 ( 4 ) 2948 (14) 1953 (3) 9 3 ( 3 ) 
C ( 5 3 ) 3 2 3 0 ( 5 ) 3 4 0 1 ( 1 7 ) 2150 (4) 119 (5) 
0 ( 5 4 ) 3 3 8 2 ( 4 ) 2 7 1 1 ( 1 7 ) 2 4 2 0 ( 3 ) 1 8 4 ( 5 ) 
C ( 6 1 ) l S 5 ( 4 ) 943 (11) 1845 (2) 7 0 ( 2 ) 
C ( 6 2 ) 2 5 6 ( 4 ) 4 8 ( 1 4 ) 2154 (3) 9 0 ( 3 ) 
C ( 6 3 ) -106 (5) - 1 6 5 ( 1 6 ) 2 4 3 4 ( 3 ) 111 (4) 
C ( 6 4 ) -563 (5) 592 (16) 2 3 9 9 ( 3 ) 108 (4) 
C ( 6 5 ) -641 (4) 1490 (14) 2 0 9 1 ( 3 ) 97 (3) 
C{66) - 2 8 8 ( 4 ) 1686 (12) 1811 (3) 83 (3) 
C ( 7 1 ) 4 7 5 ( 3 ) - 1 5 5 2 ( 1 1 ) - 2 2 ( 2 ) GG(2) 
C ( 7 2 ) 279 (3) - 2 4 7 5 ( 1 1 ) - 2 2 5 ( 3 ) 66 (2) 
C ( 7 3 ) 7 ( 3 ) - 3 4 9 2 ( 1 0 ) -465 (2) 5 8 ( 2 ) 
C ( 7 4 ) - 4 1 4 ( 3 ) -4242 (10) - 3 3 1 ( 3 ) 6 7 ( 2 ) 
C ( 7 5 ) -692 ( 3 ) . - 5 1 7 3 ( 1 1 ) -567 (3) 7 2 ( 3 ) 
C ( 7 6 ) - 5 8 2 ( 4 ) - 5 3 5 7 (11) - 9 5 0 ( 3 ) 7 3 ( 3 ) 
C ( 7 7 ) - 1 3 8 ( 4 ) - 4 6 7 2 ( 1 3 ) - 1 0 7 3 ( 3 ) 8 4 ( 3 ) 
C ( 7 8 ) 143 (4) -3729 (12) - 8 3 6 ( 3 ) 8 2 ( 3 ) 
N ( 7 9 ) - 8 6 3 ( 4 ) - 6 2 4 2 ( 1 0 ) - 1 1 8 8 ( 3 ) 9 7 ( 3 ) 
C ( 8 0 ) - 1 3 2 4 ( 4 ) - 6 9 7 1 (14) -1054 (4) 108 (4) 
C ( 8 1 ) - 7 4 0 ( 5 ) - 6 3 5 7 ( 1 6 ) - 1 5 8 5 ( 4 ) 136 (5) 
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T a b l e 3 . B o n d l e n g t h s [A] a n d a n g l e s [deg] f o r 7 6 , 
N i - N ( 1 9 ) 1 . 9 1 2 ( 6 ) 
N i - N ( l l ) 1 . 9 1 7 ( 6 ) 
‘ N i - N ( 2 3 ) 1 . 9 2 5 (7) 
N i - N ( 1 5 ) 1 . 9 4 1 ( 7 ) 
N ( 1 1 ) - C ( 2 6 ) 1 . 3 5 9 ( 1 0 ) 
N ( 1 1 ) - C ( 1 2 ) 1 . 3 5 8 (11) 
C ( 1 2 ) - C ( 1 3 ) 1 . 3 9 8 (12) 
C ( 1 2 ) - C ( 3 2 ) 1 . 4 4 7 ( 1 2 ) 
C ( 1 3 ) - C ( 1 4 ) 1 . 3 8 4 (12) 
C ( 1 3 ) - C ( 4 1 ) 1 . 5 1 3 (13) 
C ( 1 4 ) - N ( 1 5 ) 1 . 3 7 7 ( 1 1 ) 
C ( 1 4 ) - C ( 3 3 ) 1 . 4 7 1 ( 1 2 ) 
N ( 1 5 ) - C ( 1 6 ) 1 . 3 4 4 (10) 
C ( 1 6 ) - C ( 1 7 ) 1 . 3 8 1 ( 1 2 ) 
C ( 1 6 ) - C ( 3 4 ) 1 . 4 4 2 (12) 
C ( 1 7 ) - C ( 1 8 ) 1 . 4 2 9 ( 1 2 ) 
C ( 1 7 ) - C ( 5 1 ) 1 . 4 6 4 (12) 
C ( 1 8 ) - N ( 1 9 ) 1 . 3 7 9 ( 1 0 ) 
C ( 1 8 ) - C ( 3 5 ) 1 . 4 2 9 (12) 
N ( 1 9 ) - C ( 2 0 ) 1 . 4 0 3 (10) 
C ( 2 0 ) - C ( 2 1 ) 1 . 3 8 8 ( 1 2 ) 
C ( 2 0 ) - C ( 3 6 ) 1 . 4 0 9 ( 1 2 ) 
C { 2 1 ) - C ( 2 2 ) 1 . 3 9 4 (12) 
C ( 2 1 ) - C ( 6 1 ) 1 . 5 1 3 ( 1 2 ) 
C ( 2 2 ) - N ( 2 3 ) 1 . 3 7 5 (10) 
C ( 2 2 ) - C ( 3 7 ) 1 . 4 4 2 (12) 
N ( 2 3 ) - C ( 2 4 ) 1 . 3 6 6 (10) 
C ( 2 4 ) - C ( 2 5 ) 1 . 3 9 0 (11) 
C ( 2 4 ) - C ( 3 8 ) 1 . 4 4 9 (11) 
C ( 2 5 ) - C ( 2 S ) 1 . 4 1 4 (11) 
C ( 2 5 ) - C ( 7 1 ) 1 . 4 4 1 ( 1 2 ) 
C ( 2 6 ) - C ( 3 1 ) 1 . 4 3 0 ( 1 1 ) 
C ( 3 1 ) - C ( 3 2 ) 1 . 3 5 5 (12) 
C ( 3 3 ) - C ( 3 4 ) 1 . 3 0 9 (12) 
C ( 3 5 ) - C ( 3 6 ) 1 . 3 3 4 ( 1 3 ) 
C ( 3 7 ) - C ( 3 8 ) 1 . 3 3 3 ( 1 2 ) 
C ( 4 1 ) - C ( 4 2 ) 1 . 3 8 6 ( 1 3 ) 
C ( 4 1 ) - C ( 4 6 ) 1 . 3 8 1 ( 1 4 ) 
C ( 4 2 ) - C ( 4 3 ) 1 . 3 8 ( 2 ) 
C ( 4 3 ) - C ( 4 4 ) 1 . 3 2 ( 2 ) 
C ( 4 4 ) - C ( 4 5 ) 1 . 4 1 ( 2 ) 
C ( 4 5 ) - C ( 4 6 ) 1 . 4 0 ( 2 ) 
C ( 5 1 ) - C ( 5 2 ) 1 . 3 2 3 ( 1 3 ) 
C ( 5 2 ) - C ( 5 3 ) 1 . 5 1 ( 2 ) 
C ( 5 3 ) - 0 ( 5 4 ) 1 . 2 0 ( 2 ) 
C ( 6 1 ) - C ( 6 2 ) 1 . 3 6 0 ( 1 3 ) 
C ( 6 1 ) - C ( 6 6 ) 1 . 3 8 9 ( 1 3 ) 
C ( 6 2 ) - C ( G 3 ) 1 . 4 0 3 ( 1 4 ) 
C ( S 3 ) - C ( S 4 ) 1 . 4 0 ( 2 ) 
C ( 6 4 ) - C ( 6 5 ) 1 . 3 5 3 ( 1 4 ) 
C ( 6 5 ) - C ( 6 6 ) 1 . 3 8 2 ( 1 3 ) 
C ( 7 1 ) - C { 7 2 ) 1 . 1 9 8 ( 1 2 ) 
C ( 7 2 ) - C ( 7 3 ) 1 . 4 2 5 ( 1 3 ) 
C ( 7 3 ) - C ( 7 8 ) 1 . 3 7 3 ( 1 2 ) 
C ( 7 3 ) - C ( 7 4 ) 1 . 3 9 3 (12) 
C ( 7 4 ) - C ( 7 5 ) 1 . 3 8 1 ( 1 2 ) 
C ( 7 5 ) - C ( 7 6 ) 1 . 3 9 2 ( 1 3 ) 
C ( 7 6 ) - N ( 7 9 ) 1 . 3 7 1 ( 1 2 ) 
C ( 7 6 ) - C { 7 7 ) 1 . 4 0 7 ( 1 3 ) 
C ( 7 7 ) - C ( 7 8 ) 1 . 3 9 6 ( 1 3 ) 
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N ( 7 9 ) - C ( 8 1 ) 1 . 4 4 1 ( 1 4 ) 
N ( 7 9 ) - C ( 8 0 ) 1 . 4 7 5 ( 1 4 ) 
N ( 1 9 ) - N i - N ( l l ) 1 7 8 . 7 ( 3 ) 
N ( 1 9 ) - N i - N ( 2 3 ) 9 0 . 0 ( 3 ) 
N ( 1 1 ) - N i - N ( 2 3 ) 9 0 . 0 ( 3 ) 
‘ N { 1 9 ) - N i - N ( 1 5 ) 8 9 . 6 ( 3 ) 
N { 1 1 ) - N i - N ( 1 5 ) 9 0 . 4 (3) 
N ( 2 3 ) - N i - N ( 1 5 ) 1 7 8 . 8 ( 3 ) 
C ( 2 6 ) - N ( 1 1 ) - C ( 1 2 ) 1 0 4 . 8 ( 7 ) 
C ( 2 6 ) - N ( 1 1 ) - N i 1 2 8 . 2 ( 5 ) 
C ( 1 2 ) - N ( 1 1 ) - N i 1 2 6 . 8 (6) 
N ( 1 1 ) - C ( 1 2 ) - C ( 1 3 ) 1 2 6 . 3 ( 8 ) 
N ( 1 1 ) - C ( 1 2 ) - C ( 3 2 ) 1 1 1 . 2 ( 8 ) 
C ( 1 3 ) - C ( 1 2 ) - C ( 3 2 ) 1 2 2 . 3 ( 9 ) 
C ( 1 4 ) - C ( 1 3 ) - C ( 1 2 ) 1 1 9 . 8 ( 9 ) 
C ( 1 4 ) - C ( 1 3 ) - C ( 4 1 ) 1 2 2 . 0 ( 9 ) 
C ( 1 2 ) - C ( 1 3 ) - C ( 4 1 ) 1 1 8 . 1 ( 8 ) 
C ( 1 3 ) - C ( 1 4 ) - N ( 1 5 ) 1 2 7 . 2 ( 9 ) 
C ( 1 3 ) - C ( 1 4 ) - C ( 3 3 ) 1 2 5 . 3 ( 9 ) 
N ( 1 5 ) - C ( 1 4 ) - C ( 3 3 ) 1 0 7 . 2 ( 8 ) 
C ( 1 6 ) - N ( 1 5 ) - C ( 1 4 ) 1 0 7 . 3 ( 8 ) 
C ( 1 6 ) - N ( 1 5 ) - N i 1 2 7 . 7 ( g ) 
C ( 1 4 ) - N ( 1 5 ) - N i 1 2 5 . 0 (6) 
N ( 1 5 ) - C ( 1 6 ) - C ( 1 7 ) 1 2 6 . 1 ( 9 ) 
N ( 1 5 ) - C ( 1 6 ) - C ( 3 4 ) 1 1 0 . 2 ( 8 〉 
C ( 1 7 ) - C ( 1 6 ) - C ( 3 4 ) 1 2 3 . 2 ( 8 ) 
C ( 1 6 ) - C ( 1 7 ) - C ( 1 8 ) 1 1 9 . 8 ( 8 ) 
C ( 1 6 ) - C ( 1 7 ) - C ( 5 1 ) 1 1 8 . 8 ( 9 ) 
C ( 1 8 ) - C ( 1 7 ) - C ( 5 1 ) 1 2 1 . 2 ( 9 ) 
N ( 1 9 ) - C ( 1 8 ) - C ( 1 7 ) 1 2 4 . 5 ( 8 ) 
N ( 1 9 ) - C ( 1 8 ) - C ( 3 5 ) 1 1 0 . 8 ( 8 ) 
C ( 1 7 ) - C ( 1 8 ) - C ( 3 5 ) 1 2 4 . 2 ( 8 ) 
C ( 1 8 ) - N ( 1 9 ) - C ( 2 0 ) 1 0 4 . 0 ( 7 ) 
C ( 1 8 ) - N ( 1 9 ) - N i 1 2 7 . 8 (6) 
C ( 2 0 ) - N ( 1 9 ) - N i 1 2 8 . 1 ( 5 ) 
C ( 2 1 ) - C ( 2 0 ) - N ( 1 9 ) 1 2 3 . 4 ( 7 ) 
C ( 2 1 ) - C ( 2 0 ) - C ( 3 6 ) 1 2 6 . 4 ( 8 ) 
N ( 1 9 ) - C ( 2 0 ) - C ( 3 6 ) 1 1 0 . 0 ( 8 ) 
C ( 2 0 ) - C ( 2 1 ) - C ( 2 2 ) 1 2 2 . 1 ( 8 ) 
C ( 2 0 ) - C ( 2 1 ) - C ( 6 1 ) 1 1 8 . 8 ( 8 ) 
C ( 2 2 ) - C ( 2 1 ) - C ( 6 1 ) 1 1 8 . 9 ( 8 ) 
N ( 2 3 ) - C ( 2 2 ) - C ( 2 1 ) 1 2 5 . 8 ( 8 ) 
N ( 2 3 ) - C ( 2 2 ) - C ( 3 7 ) 1 1 0 . 1 ( 8 ) 
C ( 2 1 ) - C ( 2 2 ) - C ( 3 7 ) 1 2 3 . 7 ( 8 ) 
C ( 2 4 ) - N ( 2 3 ) - C ( 2 2 ) 1 0 5 . 5 ( 7 ) 
C ( 2 4 ) - N ( 2 3 ) - N i 1 2 7 . 7 (6) 
C { 2 2 ) - N ( 2 3 ) - N i 1 2 6 . 8 (6) 
N ( 2 3 ) - C ( 2 4 ) - C ( 2 5 ) 1 2 5 . 6 ( 8 ) 
N ( 2 3 ) - C ( 2 4 ) - C ( 3 8 ) 1 1 0 . 2 ( 8 ) 
C ( 2 5 ) - C ( 2 4 ) - C ( 3 8 ) 1 2 3 . 8 ( 8 ) 
C ( 2 4 ) - C ( 2 5 ) - C ( 2 6 ) 1 2 0 . 8 ( 8 ) 
C ( 2 4 ) - C ( 2 5 ) - C ( 7 1 ) 1 1 9 . 5 (8) 
C ( 2 6 ) - C ( 2 5 ) - C ( 7 1 ) 1 1 9 . 3 ( 8 ) 
N ( 1 1 ) - C ( 2 6 ) - C ( 2 5 ) 1 2 4 . 9 ( 8 ) 
N ( 1 1 ) - C ( 2 6 ) - C ( 3 1 ) 1 1 1 . 9 ( 7 ) 
C ( 2 5 ) - C ( 2 6 ) - C ( 3 1 ) 1 2 2 . 3 ( 8 ) 
C ( 3 2 ) - C ( 3 1 ) - C ( 2 6 ) 1 0 6 . 2 ( 8 ) 
C ( 3 1 ) - C ( 3 2 ) - C { 1 2 ) 1 0 5 . 9 ( 8 ) 
C ( 3 4 ) - C ( 3 3 ) - C { 1 4 ) 1 0 8 . 0 ( 9 ) 
C ( 3 3 ) - C ( 3 4 ) - C ( 1 6 ) 1 0 7 . 1 ( 8 ) 
C ( 3 6 ) - C ( 3 5 ) - C ( 1 8 ) 1 0 6 . 8 ( 8 ) 
C ( 3 5 ) - C ( 3 6 ) - C ( 2 0 ) 1 0 8 . 4 ( 9 ) 
C ( 3 8 ) - C ( 3 7 ) - C ( 2 2 ) 1 0 7 . 3 ( 8 ) 
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C ( 3 7 ) - C ( 3 8 ) - C ( 2 4 ) 1 0 6 . 9 ( 8 ) 
C ( 4 2 ) - C ( 4 1 ) - C ( 4 6 ) 1 1 8 . 0 ( 1 0 ) 
C ( 4 2 ) - C ( 4 1 ) - C ( 1 3 ) 1 2 2 . 4 ( 1 0 ) 
C ( 4 6 ) - C ( 4 1 ) - C ( 1 3 ) 1 1 9 . 3 ( 9 ) 
C ( 4 1 ) - C ( 4 2 ) - C ( 4 3 ) 1 1 9 . 8 ( 1 2 ) 
C ( 4 4 ) - C ( 4 3 ) - C ( 4 2 ) 1 2 2 . 6 ( 1 3 ) 
‘ C ( 4 3 ) - C ( 4 4 ) - C ( 4 5 ) 1 2 0 . 2 ( 1 2 ) 
C ( 4 6 ) - C ( 4 5 ) - C ( 4 4 ) 1 1 7 . 5 ( 1 2 ) 
C ( 4 1 ) - C ( 4 6 ) - C ( 4 5 ) 1 2 1 . 8 ( 1 1 ) 
C ( 5 2 ) - C ( 5 1 ) - C ( 1 7 ) 1 2 7 . 2 ( 1 0 ) 
C ( 5 1 ) - C ( 5 2 ) - C ( 5 3 ) 1 1 9 . 4 ( 1 2 ) 
0 ( 5 4 ) - C ( 5 3 ) - C ( 5 2 ) 122 (2) 
C ( 6 2 ) - C ( 6 1 ) - C ( 6 6 ) 1 1 9 . 4 ( 9 ) 
C ( 6 2 ) - C ( 6 1 ) - C ( 2 1 ) 1 2 1 . 8 ( 9 ) 
C(66)-C(61)-C(21) 1 1 8 . 8 ( 8 ) 
C ( 6 1 ) - C ( 6 2 ) - C ( 6 3 ) 1 2 1 . 0 ( 1 1 ) 
C ( 6 2 ) - C ( 6 3 ) - C ( 6 4 ) 1 1 9 . 2 ( 1 1 ) 
C ( 6 5 ) - C ( 6 4 ) - C ( 6 3 ) 1 1 8 . 6 ( 1 0 ) 
C ( 6 4 ) - C ( 6 5 ) - C ( 6 6 ) 1 2 2 . 4 ( 1 1 ) 
C(65)-C(66)-C(61) 1 1 9 . 4 ( 1 0 ) 
C ( 7 2 ) - C ( 7 1 ) - C ( 2 5 ) 1 7 9 . 5 ( 1 0 ) 
C ( 7 1 ) - C ( 7 2 ) - C ( 7 3 ) 1 7 5 . 0 ( 1 0 ) 
C ( 7 8 ) - C ( 7 3 ) - C ( 7 4 ) 1 1 8 . 1 ( 8 ) 
C ( 7 8 ) - C ( 7 3 ) - C ( 7 2 ) 1 2 1 . 3 ( 8 ) 
C ( 7 4 ) - C ( 7 3 ) - C ( 7 2 ) 1 2 0 . 6 ( 8 ) 
C ( 7 5 ) - C ( 7 4 ) - C ( 7 3 ) 1 2 0 . 9 ( 9 ) 
C ( 7 4 ) - C ( 7 5 ) - C ( 7 6 ) 1 2 2 . 3 ( 9 ) 
N ( 7 9 ) - C ( 7 6 ) - C ( 7 5 ) 1 2 2 . 8 ( 1 0 ) 
N ( 7 9 ) - C ( 7 6 ) - C ( 7 7 ) 1 2 1 . 3 ( 1 0 ) 
C { 7 5 ) - C ( 7 6 ) - C ( 7 7 ) 1 1 5 . 7 ( 8 ) 
C ( 7 6 ) - C ( 7 7 ) - C ( 7 8 ) 1 2 1 . 6 ( 9 ) 
C ( 7 3 ) - C ( 7 8 ) - C ( 7 7 ) 1 2 1 . 0 ( 9 ) 
C ( 7 6 ) - N ( 7 9 ) - C ( 8 1 ) 1 2 0 . 4 ( 1 1 ) 
C ( 7 6 ) - N ( 7 9 ) - C ( 8 0 ) 1 2 0 . 9 ( 1 0 ) 
C ( 8 1 ) - N ( 7 9 ) - C ( 8 0 ) 1 1 8 . 4 (9) 
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T a b l e 4 . A n i s o t r o p i c d i s p l a c e m e n t p a r a m e t e r s (A^2 x 1 0 ^ 3 ) f o r 7 6 . 
T h e a n i s o t r o p i c d i s p l a c e m e n t f a c t o r e x p o n e n t t a k e s t h e f o rm： 
-2 p i " 2 [ h " 2 a * " 2 U l l + . . . + 2 h k a * b * U12 ] 
U l l U22 U3 3 U23 U13 U12 
N i 4 1 ( 1 ) 5 4 ( 1 ) 7 2 ( 1 ) - 7 ( 1 ) - 2 ( 1 ) 2 ( 1 ) 
N ( 1 1 ) 3 3 ( 4 〉 5 1 ( 4 ) S 2 ( 4 ) - 3 ( 3 ) 2 ( 3 ) - 4 ( 3 ) 
C ( 1 2 ) 5 1 ( 5 ) 66 (6) 78 (6) - 7 ( S ) - 3 ( 4 ) - 2 ( 5 ) 
C ( 1 3 ) 53 (6) 65 (6) 8 4 ( 7 ) -6 (5) 7 (5) 1 ( 5 ) 
C ( 1 4 ) S 0 ( 6 ) 65 (S) 8 1 ( 7 ) - 7 ( 5 ) 1 ( 5 ) 5 ( 5 ) 
N ( 1 5 ) 4 5 ( 4 ) 5 4 ( 4 ) 7 1 ( 5 ) - 8 ( 3 ) 0 ( 3 ) - 1 ( 3 ) 
C ( 1 6 ) 4 5 ( 6 ) 64 (S) 9 0 ( 7 ) -6 (5) -13 (5) - 3 ( 5 ) 
C ( 1 7 ) 46 (5) 5 5 ( 6 ) 8 7 ( 7 ) - 11 (4) - 11 (5) 4 ( 4 ) 
C ( 1 8 ) 63 (6) 57 (6) 71 (6) - 1 1 ( 4 ) - 4 ( 5 ) 7 ( 5 ) 
N ( 1 9 ) 4 4 ( 4 ) 4 5 ( 4 ) 61 (4) -12 (3) - 2 ( 3 ) - 2 ( 3 ) 
C ( 2 0 ) 4 7 ( 5 ) 68 (6) 5 9 ( 5 ) -16 (4) - 5 ( 4 ) 7 ( 5 ) 
C ( 2 1 ) 54 (6) 63 (6) 70 (6 ) -1 (4) 1 (4) 1 3 ( 5 ) 
C ( 2 2 ) 4 1 ( 5 ) 7 3 ( S ) 7 5 ( S ) 3 ( 5 ) - 4 ( 4 ) - 3 ( 5 ) 
N ( 2 3 ) 4 0 ( 4 ) 5 7 ( 4 ) 7 0 ( 5 ) - 2 ( 3 ) 2 (3) - 5 ( 3 ) 
C ( 2 4 ) 4 9 ( 5 ) 4 8 ( 5 ) 7 8 ( S ) 9 (4) - 1 2 ( 4 ) 0 ( 4 ) 
C ( 2 5 ) 5 1 ( 5 ) 54 {€) 7 2 ( 6 ) - 3 ( 4 ) - 7 ( 4 ) 2 ( 4 ) 
C ( 2 6 ) 47 (5) 5 3 ( S ) 7 3 ( S ) - 4 ( 4 ) - 3 ( 4 ) - 2 ( 4 ) 
C ( 3 1 ) 4 9 ( 6 ) 8 2 ( 7 ) 7 2 ( S ) -22 (5) 0 ( 4 ) - 6 ( 5 ) 
C ( 3 2 ) 54 {6) 96 (8) 5 9 ( 5 ) - 4 ( 5 ) 0 ( 4 ) - 1 1 ( 5 ) 
C ( 3 3 ) 66 (7) 59 (6) 1 1 6 ( 9 ) - 1 ( 5 ) 10 (6) - 2 0 ( 5 ) 
C ( 3 4 ) 42 (6) 7 8 ( 7 ) 9 2 ( 7 ) -14 (5) - 1 ( 5 ) -10 (5) 
C ( 3 5 ) 7 0 ( 7 ) 9 2 ( 8 ) 7 8 ( 7 ) - 2 5 ( 5 ) -10 (5) 7 {6) 
C ( 3 6 ) 6 1 ( 7 ) 1 1 7 ( 9 ) 66 (6) - 1 6 ( 5 ) 3 ( 5 ) -15 {6) 
C ( 3 7 ) 4 7 ( S ) 8 7 ( 7 ) 86 (7) 4 ( 5 ) G (5) - 5 ( S ) 
C ( 3 8 ) 5 1 ( 6 ) 67(6) 8 4 ( 7 ) - 6 ( 5 ) - 8 ( 5 ) - 9 ( 5 ) 
C ( 4 1 ) 6 2 ( 7 ) 7 5 ( 7 ) 8 9 ( 7 ) 3 ( 5 ) - 1 ( 5 ) - 5 ( 5 ) 
C ( 4 2 ) 7 2 ( 8 ) 1 2 1 ( 1 0 ) 1 0 4 ( 8 ) -1 (7) 13 {6) - 1 0 ( 7 ) 
C ( 4 3 ) 9 3 ( 1 0 ) 1 7 5 ( 1 5 ) 92 (9) 1 9 ( 9 ) 1 3 ( 7 ) - 4 3 ( 1 0 ) 
C ( 4 4 ) 1 2 5 ( 1 2 ) 116 (11 ) 9 7 ( 9 ) 3 2 ( 7 ) - 4 ( 9 ) - 4 2 ( 1 0 ) 
C ( 4 5 ) 1 0 4 ( 1 1 ) 1 1 5 ( 1 1 ) 1 2 5 ( 1 0 ) 4 0 ( 8 ) - 9 ( 8 ) 5 ( 8 ) 
C ( 4 6 ) 8 0 ( 8 ) 9 0 ( 9 ) 132 (10 ) 1 9 ( 7 ) 8 ( 7 ) - 2 ( 7 ) 
C ( 5 1 ) 6 4 ( 7 ) 66 { 6 ) 103 (8) -21 (6) - 7 ( 6 ) 0 ( 5 ) 
C ( 5 2 ) 7 0 ( 7 ) 1 1 0 ( 9 ) 9 9 ( 8 ) -15 (7) -24 (6) - 5 ( 6 ) 
C ( 5 3 ) 8 0 ( 9 ) 1 4 7 ( 1 3 ) 1 3 1 ( 1 1 ) -33 (9) -30 (8) 7 ( 8 ) 
0 ( 5 4 ) 1 1 9 ( 8 ) 2 9 2 ( 1 5 ) 140 (9) 5 ( 9 ) - 6 7 ( 7 ) 5 0 ( 9 ) 
C ( 6 1 ) 7 1 ( 7 ) 7 7 ( 7 ) S 2 ( S ) - 5 ( 5 ) - 3 ( 5 ) 6 (5) 
C ( 6 2 ) 8 1 ( 7 ) 1 2 1 ( 9 ) 70 {G) 1 0 ( 6 ) 1 9 ( 5 ) 4 ( 7 ) 
C ( 6 3 ) 1 2 1 ( 1 1 ) 1 3 7 ( 1 1 ) 7 S ( 8 ) 2 9 ( 7 ) 1 ( 7 ) - 6 ( 9 ) 
C ( 6 4 ) 86 (9) 1 5 2 ( 1 2 ) 86 (8) 2 5 ( 8 ) 1 9 ( S ) 1 0 ( 8 〉 
C ( 6 5 ) 6 3 ( 7 〉 125 (10) 102 (9) 2 ( 7 ) 2 1 ( 6 ) 4 (6) 
C ( 6 6 ) 62 (7) 9 7 ( 8 ) 9 0 ( 7 ) 6 (6) 1 3 ( 5 ) 13 (6) 
C ( 7 1 ) 64 (6) 7 2 ( 7 ) 62 (6) -2 (5) - 2 ( 4 ) - 3 ( 5 ) 
C ( 7 2 ) 6 1 ( 6 ) 5 7 ( 6 ) 7 9 ( 6 ) 3 ( 5 ) 1 ( 5 ) 2 (5) 
C ( 7 3 ) 52 (6) 61 (6) S l ( 5 ) 3 ( 4 ) -5 (4) - 3 ( 4 ) 
C ( 7 4 ) 64 iG) 69 (6) 6 9 ( 6 ) 3 ( 5 ) -11 (5) 1 1 ( 5 ) 
C ( 7 5 ) 63 (6) 68 ( 6 ) 8 6 ( 7 ) -12 (5) -12 (5) 1 ( 5 ) 
C(76) 66 (7) 5 7 ( 6 ) 9 5 ( 7 ) - 1 0 ( 5 ) -24 (5) 9 (5) 
C ( 7 7 ) 9 3 ( 8 ) 9 4 ( 8 ) 66 (6) - 1 ( 5 ) 8 ( S ) - 9 ( 7 ) 
C ( 7 8 ) 7 8 ( 7 ) 8 1 ( 7 ) 8 8 ( 7 ) - 8 ( S ) 11 (6) -12 ( 6 ) 
N ( 7 9 ) 101 (8) 7 4 ( 6 ) 116 (8) - 2 7 ( 5 ) -32 (6) 4 (6) 
C ( 8 0 ) 8 2 ( 9 ) 93 (9) 149 (11 ) - 3 7 ( 8 ) -48 (8) - 1 ( 7 ) 




T a b l e 5 . H y d r o g e n c o o r d i n a t e s ( x 1 0 ^ 4 ) a n d i s o t r o p i c 
d i s p l a c e m e n t p a r a m e t e r s (A^2 x 1 0 ^ 3 ) f o r 7 6 . 
X y 2 U ( e q ) 
H ( 3 1 ) 961 (3) 2 6 0 ( 1 1 ) - 5 2 4 ( 2 ) 81 
H ( 3 2 ) 1449 (3) 2 649 (12 ) -602 (2) 84 
H ( 3 3 ) 2 5 9 4 ( 4 ) 5 7 7 7 ( 1 1 ) 3 5 3 ( 3 ) 96 
H ( 3 4 ) 2 8 4 9 ( 3 ) 5190 (11 ) 9 9 2 ( 3 ) 85 
H ( 3 5 ) 1 8 0 6 ( 4 ) 3 2 5 3 ( 1 2 ) 2 1 4 7 ( 3 ) 96 
H ( 3 6 ) 9 5 5 ( 4 ) 2 3 6 9 ( 1 3 ) 2 2 0 0 ( 3 ) 98 
H ( 3 7 ) -189 (3) - 8 5 8 ( 1 2 ) 1 2 7 1 ( 3 ) 88 
H ( 3 8 ) - 6 5 ( 3 ) - 1 8 4 4 ( 1 1 ) 630 (3) 81 
H ( 4 2 ) 2648 (4) 4 2 0 9 ( 1 5 ) -340 (3) 119 
H ( 4 3 ) 2 8 0 2 ( 5 ) 5647 (20 ) - 8 7 2 ( 3 ) 144 
H ( 4 4 ) 2 2 3 3 ( 6 ) 7 199 (16 ) -1125 (4) 135 
H ( 4 5 ) 1455 (5) 7 4 7 5 ( 1 5 ) ’ -832 (4) 138 
H ( 4 6 ) 1282 (4) 5956 (14 ) - 3 0 2 ( 4 ) 121 
H ( 5 1 ) 2820 (4) 4514 (12 ) 1569 (3) 93 
H ( 5 2 ) 2563 (4) 2 1 5 2 ( 1 4 ) 2 0 4 8 ( 3 ) 112 
H ( 5 3 ) 3 4 0 8 ( 5 ) 4 2 4 0 ( 1 7 ) 2 0 6 0 ( 4 ) 143 
H ( 6 2 ) 562 (4) -430 (14 ) 2 1 7 9 ( 3 ) 109 
H ( 6 3 ) - 4 4 ( 5 ) -800 (16 ) 2 6 4 1 (3) 134 
H ( 6 4 ) -806 (5) 479 (16) 2 5 8 3 ( 3 ) 130 
H ( 6 5 ) - 9 4 3 ( 4 ) 1994 (14 ) 2067 (3) 116 
H ( 6 6 ) -353 (4) 2 3 1 0 ( 1 2 ) 1603 (3) 100 
H ( 7 4 ) - 5 0 9 ( 3 ) -4114 (10 ) -79 (3) 81 
H ( 7 5 ) -962 (3) - 5 6 9 6 ( 1 1 ) - 4 6 6 ( 3 ) 87 
H ( 7 7 ) -30 (4) - 4 8 5 2 ( 1 3 ) - 1 3 2 0 ( 3 ) 101 
H ( 7 8 ) 42G (4) - 3 2 5 5 ( 1 2 ) - 9 3 0 ( 3 ) 99 
H ( 80D ) - 1 3 7 7 (14) -7919 (42 ) -1189 (15) 129 
H ( 8 0 E ) -1598 (6) - 6 2 8 9 (36 ) - 1 0 9 9 ( 1 8 ) 129 
H ( 8 0 F ) -1298 (11) - 7 1 8 1 (75) -788 (6) 129 
H (81A ) -606 (30) -5394 (37) - 1 6 7 1 ( 7 ) 163 
H ( 81B ) - 1 0 3 3 ( 8 ) -6594 (99) - 1 7 2 8 ( 5 ) 163 




T a b l e 6 
L e a s t s q u a r e s p l a n e s f o r 7 6 . 
D e v i a t i o n s f r o m t h e p l a n e i n A . 
P l a n e t h r o u g h t h e p o r p h y r i n s k e l e t o n 
N i 0 . 0 3 9 
N ( 1 1 ) 0 . 0 6 
C ( 1 2 ) - 0 . 3 2 
C ( 1 3 ) - 0 . 6 2 
C ( 1 4 ) - 0 . 3 5 '" 
N ( 1 5 ) 0 . 0 1 
C ( 1 6 ) 0 . 3 6 
C ( 1 7 ) 0 . 6 6 
C ( 1 8 ) 0 . 3 5 
N ( 1 9 ) 0 . 0 6 
C ( 2 0 ) - 0 . 3 1 
C ( 2 1 ) - 0 . 5 3 
C ( 2 2 ) - 0 . 3 1 
N ( 2 3 ) 0 . 0 3 
C ( 2 4 ) 0 . 3 1 
C ( 2 5 ) 0 . 5 6 
C ( 2 S ) 0 . 3 6 
C ( 3 1 ) 0 . 1 9 
C ( 3 2 ) - 0 . 2 5 
C ( 3 3 ) - 0 . 2 7 
C ( 3 4 ) 0 . 2 1 
C ( 3 5 ) 0 . 1 2 
C ( 3 6 ) - 0 . 3 0 
C ( 3 7 ) - 0 . 2 3 
C ( 3 8 ) 0 . 1 7 
C ( 3 9 ) - 0 . 2 4 
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Appendix C Computed geometry of 65 and 66 from semiempiricai PM3(tm) calculations 
^ 2 ^ ^ ^ ! ^ ^ ' 
^ ^ ^ 5 S S ^ : ^ ^ ^ " " " S ^ 
I ^ I ^ I II ^ - A > ^ ^J 
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